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PREFACE

High performance fiber reinforced composites are being selected

in increasing amounts as structures in the design of each successive
military and civilian aircraft. These materials are also finding
increased application in land transportation vehicles, space struc-
tures, and numerous other applications where high strength and
stiffness to weight ratio materials are needed. This increased
usage will undoubtedly result in more frequent occurrences of part
failure resulting in the need to analyze the failed part and deter-
mine the cause of failure. 1In the case of metallic structures, the
analytical techniques and procedures available for determining the
cause of failure are quite well developed. The technology for
composite structure post-~failure analysis is not as mature, however.
Although many individuals have applied selected analysis techniques
and procedures to failed composite structures, with varying degrees
of success, there still remains an absence of a systematic collection
of techniques and procedures which are widely accepted for use in
conducting a composite post-failure analysis.

In light of the above, the sponsors of this conference considered

it timely that an open forum be created which would both facilitate

an exchange of ideas by those working with techniques and procedures
directly related to the post-failure analysis of composite structures
and provide those participants an opportunity to report on the progres
of their efforts.

This report contains the text of the papers which were presented at

this conference along with a transcript of the question and answer
session which constituted the closing session of this meeting.
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TESTING UNDER COMPLEX LOADING TO AID ANALYSIS OF FAILURE IN FIBROUS COMPOSITES

A. S. Wronski, T. V. Parry*

Engineering Materials Research Group, University of Bradtord,
W. Yorks. BD7 10P, England.

ABSTRACT

The mechanisms of failure in axial tension and compression of unidirectional
v60% volume fraction glass and carbon fibre reinforced epoxy resin composites
have been investigated at atmospheric and under superposed hydrostatic pres-
sures extending to 350 MNm~2. Experiments under pressure enable the discrimina-
tion between mechanisms operated by tensile and compressive stresses, eg in
fibres, on the one hand, and by shear stresses, eg in matrices, on the other.

The atmospheric tensile strengths, ot , of the glass and the carbon fibre com-
posites were V1.7 GNm~2 and ~2.0 GNm~2 respectively, compared to values of

1.2 GNm™2 and A1.5 GNm™2 for their respective strengths in compression, Ons

In tension failure initiated as the debonding between bundles of fibres con-
taining prior curvature at “1.2 GNm~2 at atmospheric pressure for carbon fibre
composite and at "0.95 GNm~2 for the glass fibre reinforced material. The
second stage of failure in both CFRP and GRP was bundle detachment: the growth
of (transverse) cracks parallel to the fibre direction under increasing load,
leading to the de-coupling of fibre bundles. This process was impeded by the
application of pressure and was totally suppressed in CFRP beyond 4150 MNm-2
and just detectable in GRP at 350 M\m~™2, Below these limits load redistribution
between fibre bundles, as fibre breaks developed, became increasingly more
difficult, resulting in a decrease in composite stress at which the final stage,
crack propagation, occurred.

In compression two stages of the failure process could be identified due to
their different pressure dependences. Matrix yielding or splitting between
regions of maximum curvature of deformed fibre bundles controlled the failure

of GRP over the entire pressure range investigated and for CFRP beyond 150
MNm~2, For both materials o, increased to 2.0 GNm™2 at 300 MNm™2 superposed
pressure. At pressures inferior to 150 MNm™2 kink-initiated compression failure
in CFRP was controlled by an Euler bundle buckling condition. This is rela-
tively unaffected by pressure and only at higher pressures did matrix yielding
become more difficult than bundle buckling, resulting in the strong pressure
dependence.

This model has been used te Interpret deformation and fracture behaviour of CFRP
beams loaded under superposed pressure and the so-called interlaminar shear
strength was related to the compressive stress regquired to satisfy the matrix
yielding criterion. It can also predict the compressive strength of woven
carbon fibre cloth laminate in which a transition from Euler buckling to matrix
yielding controlled failure at atmospheric pressure with decreasing gauge length
has been observed,

* from 1 September 1985 at the Department of Engineering, University of Durham,
England.
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INTRODUCTION

Stress-strain and failure characteriscics of all materials tend to be obtained
using simple stress systems, eg uniaxial tension and compression, torsion and
bending. In service, components are generally subjected to complex stress sys-
tems, which implies the need, at least in certain circumstances, for biaxial
and triaxial testing. If the stress system can be conveniently split into
deviatoric and hydrostatic components, mechanical testing under superposed
hydrostatic pressure can provide valuable information on the mechanical beha-
viour of the structure or component. Earliest reported work of this character
dates from the nineteenth century and the greatest contribution in the field of

high pressure mechanical behaviour of solids has been made by Bridgman1.

Results of tests under superposed hydrostatic praessure enable the identification
or elimination of mechanisms postulated as responsible for particular stages of
the failure process, especially if the mechanism can be clearly identified as
shear stress or tensile stress-controlled. Let us illustrate the thesis with
reference to the trivial case of an isotropic solid under an uniaxial tensile

stress, oy. The principal stresses are thus:

g, = O

A
o = 0
c3 = 0
and the maximum shear stress:
T = 01-03 = f—é
max 2 2

gy = 0A+H
gy = H
03 = H
and Tmax = %" H-H . Sﬁ
2 2

ie the shear stress has been unaffected, but the principal stresses have been

directly influenced by the application of H. Thus shear stress-operated
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mechanisms, such as yielding in metals, are unaffected by H, whereas processes
dependent on tensile stress, eg crack propagation, are directly affected as the
nett normal stress is reduced to on+H, and has to be increased, by |H| if other
conditions are unchanged, for the process to operate.2 It should be added that
no uniformity exists in the literature regarding quoting principal rather than
applicd or superposed stresses.  The present authors use principal and applied,
op» Stresses and the convention of tensile stresses being positive, thus when

op is applied in a hydrostatic environment, H, the maximum principal stress is

reduced to oA+H.

In our experiments we have conducted tests in uniaxial tension, uniaxial com-
pression and bending using various test specimen geometries. If the applied
force is directly determined, the shear stresses are related only to it and
specimen geometry as in atmospheric pressure tests, but all the tensile stresses,
produced by bending as well as tension, are reduced by |H| and all the compres-

sive stresses increased by |H| when H is superposed on the testing environment.

TESTING UNDER COMPLEX LOADING

Testing under superposed pressure, provided by a suitable fluid, involves
adding a pressure cell to a conventional mechanical properties tester or buil-
ding a suitable straining device inside a pressure cell. Accurate force
measurements necessitate the use of internal load cells, specially constructed
as pressure affects strain gauges. External load sensing is complicated by
friction effects and the reguirement to compensate for the "extrusion force"
on the tie bar. It can be suppressed by the use of a yoke and dummy rod on
which an equal and opposite force to that on the tie bar is exerted by the

pressurising fluid (Fig.1).

For all our tests we have used a Hedeby Universal Tester on to the lower cross-
head of which was bolted a 3 kilobar (300 MNm~2) Coleraine pressure cell. The
yoke and dummy rod arrangement was always used and special jigs were built for
tension (Fig.1), compression and bend testing. These have been described in the

3
literature 5, but, to illustrate high pressure techniques, testing in 3- and

4-point bending, with spans up to 25mm, will be briefly described.

Compared with the uniexial test illustrated in Fig.1, the cylindrical yoke

assembly is replaced by one of rectangular section through which the load cell

2-3




L
Upper Crosshead

Top Pull-rod
" . &
‘ Seals

‘'0' Ring Seal

: ——-= Air Bleed &
Pressure Gauge

| Tansile Yoke
N ] N Assembly
\ T
N in Specimen
N TS
N N
A\ 4N
\ N
: N
/ v p \3
Load cell — N
H Pressure Fluid
1’
Bottom End
Closure &
| <Jd—_ Retaining Ring
Bottom Seals
Dummy pull-rod ¥ w_ Strain Gauge Bridge

Fig. 1 Block diagram (not to scale) of Coleraine
pressure cell, The cylinder is 200mm high and
130mm cutside and 575mm inside diameter; pull-rods
are 9.5Cmm in diameter.
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T

and loading roller(s) attachment are connected to the upper pull-rod. The

outer cylinder is replaced by a bar of the same length and diameter, but with a
machined channel through which the yoke slides (Fig.2). It contains the two
supporting rollers and exposes a hole perpendicular to the channel through which
the specimen is fitted. An important feature of this arrangement5 is that
bending takes place when the machine operates in the tensile mode, which reduces

alignment problems.

LOAD CELL AND
UPPER CROSS
HEAD

, Q
LIS
[

-y

LOWER CROSS HEAD

"DUMMY "
ROD ©J

Fig.2. A sketch of the components of the flexural testing jig
prior to assembly, insertion of the beam specimen
(indicated in relation to the loading rollers in both
components) and incorporation into the pressure cell.
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The load is measured using an internal resistance load cell; and monitored with
the aid of the external (machine) load cell which registers the sum of applied
load and frictional forces at the pull and dummy rods.

Liquids are safer as pressurizing media; pentane/isopentane mixtures have been
used successfully for pressures superior to 3 GNm~2 at ambient temperatures.
For lower pressures, to increase safety and minimize leaks, oils, with higher

viscositiss, are generally employed; we use 'Plexol’, & synthetic diester.

ATMOSPHERIC MECHANICAL PROPERTIES

Space and travel within pressure cells are generally limited5 and therefore
miniature specimens are frequently employed. For tensile testing we tend to use
round test pieces with gauge diameters in the range 1-2mm. It was not practi-
cable to test under pressure the more recognized designs of compression test
pieces and we used a "dog tone" design illustrated in Fig.3(a). To allow
comparison, samples of CFRP were made to our and RAEs (Fig.3(b)) designs and
tested at atmospheric pressure. For a 60% V. Grafil A-S/epoxide pultrusion4

the latter specimens failed at 1.30%0.07 GNm~2, whereas the former at
1.33%0.15 GNm™2,

N
I t
] [}
1
i [] U
] ]
] ]
2 1
JOmm, L25mm

(@) (b)

Fig.3. The "dog bone" compressive test specimen
used in the pressure tests (al) and the RAEB-type
compressive (rectangular) specimen (b) also used
(only at atmospheric pressure}.
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The atmospheric compressive strength of our 60% V. S glass/epoxide pultrusion7

was 1.15%0.1 GNm 2, somewhat lower than the tensile, about 1.4 GNm 2. Similarly

waisted CFRP tensile specimensa'g

section tested at a rate of O.1mm min~! failed at a stress of 1.99+0.13 GNm~2.

9 took place at

possessing no gauge length of constant cross-

It is to be noted thot a marked departure from ilookean behaviour

loads corresponding to applied tensile stress of 1.20:£0.04 GNm™2,

In another series of testss'10 on similar, but rectangular section CFRP pultru-
sions, flexural and "interlaminar shear” strengths were determined using span-
to-depth (~“2mm) beam ratios of 5, 15 and 40. Again non-linear deformation pre-
ceded failure and "flexural" stresses evaluated using the "strength of materiald’
formula for span-to-depth ratio of 40 were 1.40+0.04 and 1.57%0.08 GNm™2 at the
limit of proportionality and peak load, respectively. An increase in acoustic
emission rate took place at the limit of proportionality and local damage was
detected using optical microscopy at the compression roller contact 1line

at higher stresses. 1In tests at superposed pressures,beams with span-to-

depth ratio of 15, sufficiently short to fit into our pressure cell, gave
similar results. When the ratio was reduced to 5, non-Hookean behaviour was
also observed at the nominal, "interlaminar shear" stress of 62:2 MNm~!, which
increased to 88x1 MNm~! at peak load. Tensile strength of this CFRP material

was 1.75%40.03 GNm 2, ie somewhat lower than of the round pultrusions.

THEORETICAL BACKGROUND

Tensile strength

It is generally agreed that the tensile strength of unidirectionally aligned
continuous fibre composite materials, such as our CFRP and GRP pultrusions, is
determined by the breaking strangth of the fibres11-16, petailed theories of
tensile strength accordingly consider statistical strength distribution in
fibres13 and analyse in detail acoustic activity12'13. It is argued that, if
the matrix is properly chosen, the fibres will reach their breaking strain
before the matrix fails. Rosen's?® elegant experiments are cited to substan-
tiate the thesis that the role of the matrix is to isolate fibre breaks in a
narrow section of the comoosite due to loen transfer into the fibre produced by
the shear deformation of the matrix. What is not as frequently referred to,
however, is that Rosen's observations were on 6% Ve GRP model lamina (containing
V00 fibres in ell), bardly a high strength composite. It is generally recog-

nised that in high Vg CFRP stress transfer tends to take place by shear, whereas
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‘ in GRP by friction. It is noteworthy thus that fibres in failed CFRP tend to

be coversd with resin, whereas in GRP they are "clean".

Compressive strength.

Theoretical treatments of compressive behaviour again tend to assume perfectly
straight, parallcl and aligned fibres, perfectly bonded to an ideally elastic
matrix1’, 1In the more popular models composite strength is postulated to be
limited by the strength of the fibres either in compression (acting as columns)
or in shear18’1g. by the shear modulus of the matrix (resulting in shear insta-
bilityzo) or by a critical matrix stress?l, The elastic buckling of the fibres,
controlled by the matrix sh2ar modulus?0 model appears to have the greatest
acceptance, in spite of pruedicting strength values which are much too high and
inability to account for variation of strength with fibre volume fraction17.‘
Compressive strength has also been reported to be influenced by fibre-matrix
adhesion (controlling interfacial splitting), fibre linearity and local mis-
alignmentzz.

Microstructural considerations.

Recently Piggott17'22 has re-examined the question of compressive strength of
composites, pointing out that, as with the theoretical development of models of
yield strength of metallic solids, where theoretical strengths of perfect solids
are much higher than observed strengths of polycrystalline aggregates, account
has co be taken of imperfections, so for composites. One important parameter
appears to be fibre straightness and a model based on Swift's analysis23 has
been postulated by Piggottzz. It has been used and extended by us7'8 by taking
note that another important parameter is the relevant structural unit: ply, tow
or lamina. It is suggested that groups of fibres act in unison and the bundle/
bundle interface may be more important in determining mechanical properties of
soundly manufactured composites, even nominally unidirectionally-aligned as are

pultrusions, than the fibre/matrix interface.

Let us postulate that the fibre bundle (tow) has a circular cross-section and
its axis assumes a sinusoidal form [noting17 that usirg Fourier methods any axis
trajectory can be reduced to sine waves). It can also be added that even for
initially straight fibres the model has relevance as microbuckling7 of fibre
bundles against the support of the resin matrix may take place before the
failure load is reached. If D is the bundle diameter, a the amplitude and A

the wavelengtii of the sine wave, then the axis displacement23:

y = a sin Z%i e (1)
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SWIFT: mr*Osind® =0y 2rds

Fig.4. Swift model of forces acting on a strained fibre bundle.

The small length of bundle, ds, adjoining the antinode at x=1/4 is sketched as
Fig.4. The bundle radius of curvature, R, is related to y by:

2
2
= -dy = —(gﬂ— y ltl(zl

If the fibre bundle stress is op and oy is the stress exerted by the matrix on
length ds of the bundle:

nD2 X
D ds oy = —z—-cb sin dé6 evo(3)
As sin d8 = %; + o0 {4)
_ 4R
o, = o oy ees (5)
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T failure is controlled by this decouplingz mechanism, the composite compressiwe
s. .ngth will be:

4R
oc(my] o o % ees(B)

whers Gt is the matrix tensile strength and R the critical bundle radius of
curvature (perhaps present prior to loading). Piggott17'22 postulates support
of the matrix on both sides of the fibre (or bundle) and his expression for

oc(my] is double of relation (6). In our previous papers7 9 we also have used
Piggott's formula. His analysis further assumes unchanged fibre curvature and
postulates the relevant mechanism to be overcoming the yield stress of ths
resin., Axial compression, however, can cause bending of the fibres until buck-
ling of a surface bundle can overcome the restraint of the matrix, ie R can

decreass during compressive 10ading7.

Another aspect of this model is its possible application to tensile loadingg.
Transverse (interlaminar) cracking under tensile loading in CFRP8 has been
reported at stresses significantly inferior to the tensile strength. This de-
coupling can be associated with matrix yielding and bundle detachment in a
similar way as axial compression if fibre bundle curvature is already present.
Loading now will tend to straighten the fibre bundles against the support of
the matrix. The bundle detachment stress would thus be given alsoc by relation
(5) and the tensile force would tend to increase R. The bundle, even if par-
tially debonded, would continue to be loaded as it straightened out. The
applicability of the same relation (5) for events in the tensile and compressiwe
failure processes would account for the similarities in their strength values,
frequently commented upon. The effect of axial force on R would result in
lower values for the compressive strength, as generally observed, as R, which
appears 1in the numerator in relation (5), would then tend to decrease. It
should also be added that the condition (5) is unlikely to be frequently suffi-

cient for catastrophic tensile failure.

A further relevance of bundles is to the consideration of Euler buckling.
Weaver and Williams1a, in interpreting their results on 36% Vf CFRP, suggested

that the compressive strength:

T2E
s = f ea(7)

© (1/k)2

where E1e is the fibre modulus, K, the radius of gyration and 1 the buckling
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length. If, as with Swift's modelZ3, we substitute a bundle of circular cross-

section for the fibre4, the compressive strength:

nZEC
OC[bb] = OC = nnots)
(1/k)2

where Ec is the composite modulus and 1 and K now refer to the bundle (tow or
ply). This model was developed for failure by kinking and thus the composite

compressive strength is expected to be the higher of o and cc(my] values,

c(bb)
both bundle buckling and matrix yielding being necessary processes for compres-

sion failure. Bundle detachment is required before buckling (and kinking) can

take place, but the relative values of cc( and ¢ depend on composite

my) c(bb)

properties and the stress system.

EFFECT OF HYDROSTATIC PRESSURE ON MECHANICAL PROPERTIES

(a) Fibres in tension

The authors are unaware of any direct determination of carbon or glass fibre
tensile fracture strength under superposed pressure. An indirect study of an
unidirectionally aligned carbon fibre/nickel matrix compasit324'25 showed that
failure took place at a constant maximum principal tensile stress, o; (ie
applied tensile stress, Tpo increased directly with the superposed pressure).
This behaviour is consistent with a criticel tensile stress (brittle fracture
or cracking) criterion and is postulated, in accordance with experimental evi-
dence, to refer to the behaviour of the fibres. 1If the critical fibre failure

stress was a shear stress, then o, would have remained constant, ie ¢; decreased

A
directly with superposed pressure.

These results are on old, Harwell Type II fibres with a mean tensile strength
of ~2,2 GNm 2 in 47% Vi, of nickel. Work is continuing elsewhere aimed at elu-
cidating the tensile failure mechanisms in individual fibres. We would postu-
late, nevertheless, that until direct evidence to the contrary, as obtained in
eg pressure tests, it should be assumed that failure in tension of glass and

carbon fibres is critical tensile (not shear) stress-controlled.

(b) Resins in tension, compression and shear

Tensile, compressive and shear yield strengths of two epoxides were determined

under superposed pressures extending to 300 MNm™2 in our laboratorieszs. The
2-11




data were consistent with a three-parameter (single hexagonal) pyramid yield

criterion. The atmospheric tensile yield stresses were 883 and 6743 MNm™2 and
the compressive 119+1 and 90%+3 MNm~2 for the two epoxies. This illustrates the
phenomenon that, unlike in metallic materials, yielding in polymers depends on
the hydrostatic as well as the deviatoric component of stress. The superposed

tensile stress for yield, ¢,, increased with pressure, H, by -0.19H in our

resins. The fractional incﬁeases in tensile yield strengths were 0.28 and 0.22
per 100 MNm™2 pressure respectively for the two epoxies; corresponding figures
for the superposed compressive yield strengths are 0.27 and 0.20. Frac-
tional increases in the strength of a composite of about 0.25 per 100 MNm™2 of
superposed pressure would thus correlate with a direct dependence on matrix

ylelding, die:

oc(H) = C 9 {H) ese(9)

where C is unaffected by pressure, eg %% of relation (8) if R is unaffected

by pressure and only the stress for matrix yielding, Om' is.

(c) CFRP in tension

Using waisted tensile specimens of pultruded 60% V,. rod weg investigated the

failure mechanism at superposed hydrostatic pressuﬁes up to 300 MNm™2. The
maximum principal stress at failure decreased from 2.0 at atmospheric pressure
(Fig.5) to 1.5 GNm™2 at H = -200 MNm~2. At higher pressures it remained app-
roximately constant (as for the metal matrix composite in this entire pressure
range) indicating that a critical tensile stress-contrclled mechanism was
operating. The specimen failure surfaces were fairly flat and no damage pre-
ceding the catastrophic fracture was detected (Fig.6) in contrast to extensive

debonding eg at atmospheric pressure.

At pressures inferior to 200 MNm~ 2 pre-failure damage was detected by optical
microscopic examination of the specimen surfaces which appeared to initiate at
the commencement of specimen non-Hookean behaviour. Oebonding of surface bun-
dles was initiated at atmospheric pressure at a stress of 1.2 GNm™2. Straigh-
tening and debond initiation of curved surface bundles was followed by growth
of these "interlaminar” cracks, leading to the detachment of curved surface
bundles: delamination. The stress for this process increased from ~1.2 GNm~2
at atmospheric to v1.5 GNm™2 at 150 MNm~2 superposed pressure, ie by ~0.2 per
100 MNm~™2 pressure, only a little less than the pressure dependence of epoxide-

resin yield stress. Delamination was suppressed by transverse (part of the
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Stresses for fracture (closed symbols) and detection of

damage {(open symbols) of pultruded CFRP specimens tested
in tension under superposed pressure.

(a) (b)

Scanning electron micrographs of pultruded CFRP tensile
specimens which failed at (a) atmospheric pressure and (b)
under superposed pressure of 300 MNm~2. Note in (a) decoupled
fibre bundles with transverse (interlaminar) cracks continuing
into the specimen shoulders in contrast to the fairly flat
failure of (b).
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hydrostatic) stresses greater than 150 MNm~2. Below this pressure load redis-
tribution between bundles was possible, but increasingly difficult with increase
‘of pressure. Concurrently reduced fibre pull-out (Fig.6) and decreased compo-
site strength (Fig.5) were observed. The critical stage of failure was thus
fibre failure throughout the pressure range, but redistribution of stress (from
bundle to bundle as well as from fibre to fibre, we would suggest) was increa-
singly more difficult with increase of pressure and prevented when it reached
200 MNm 2. When no debonding precedes initial fibre failuresg. these fractures

resulted in catastrophic composite cracking at 1.5 GNm~2,

(d) GRP in tension

The failure mechanisms under pressures extending to 350 MNm~2 were investigated

using specimens of similer design in pultruded ~60% Vf 'S! glass/epoxy resin
composite. The maximum principal tensile stress at failure, 1.7 GNm~2, de-
creased with increasing pressure to 1.3 GNm 2 at H=-250 MNm 2 (Fig.7). It
remained approximately constant at higher pressures, as had been observed with
the metal matrix composite and CFRP, indicating that these failures were con-
trolled by a critical stress-operated mechanism. Again failure surface features
in this pressure region were fairly flat although there was some indication
(Fig.8) that local damage preceded failure, as more extensively at lower
pressures. There was, however, no detectable deviation from the linear load-
displacement response at H=-350 MNm~2, whereas it had been observed at all

pressures inferior te this value.
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Fig.7. Stresses for fracture (closed symbouls) and detection of damage (open
symbols) of GRP specimens tested in tension under superposed pressure,




T ———

Fig.8. Secanning electron micrograph of a GRP specimen tested
in tension under superposed hydrostatic pressure of
350 MNm 2. Note the flat failure surface (as in CFRP,
eg Fig.6(b)), but some debonding extending into the
specimen shoulders.

Pre-failure damage was identified by optical microscopy and its commencement
appeared agaln to coincide with the departure from Hookean deformation. This
process was initiated at a stress of ~0.95 ONm 2 at atmospheric pressure, it
rose to 1.2 GNm 2 at H=-300 MNm~ 2, ie by ~0.1 per 100 MNm 2 (Fig.7), less
than half the pressure dependence of the yield strength of epoxides.

It should be recalled that we have postulated that the first.s'g bundle debon-
ding, stage of composite tensile fajlure process is dependent on local geometry
(and can be likened to a stress concentrator in a ductile metal which can be
"benign"”). Load carrying capacity need not be impaired if stress can be trans-
ferred. Glass fibre/resin models invoke friction as the mechanism and this is
now postulated to take place between bundles at fibre/matrix interfaces. This
is in accord with observation of resin on carbon fibres and "clean" glass fibres
in composite failure surfaces (Fig.3). The frictional properties of glass/resin
under transverse or hydrostatic compression have not been investigated to the
authors' knowledge, but model experiments, eg on steel/epoxy by Bowden27. indi-
cate the pressure dependence of the frictional stress to be lower than that of

the resin yield strength, consistent with our hypothesis.




Fig.2. S5canning electron micrographs of parts of the failure surfaces
of tensile specimens of (a) CFRP and (k) GRP. MNote the resin
achering to the fibres only in (a).

The critical stage of feilure was fibre {fracture throughout the pressure range,
ac for CFRP, but deiuiled pressure dependence was different. Particularly as
fibre/resin detacnment was easier {(see Figs.6 and 8) in GRP in tension,

matrix yielding did not appear to play a major part in the process. Transverse
compression has a similar, though smaller, effect on fibre/resin friction to
that on resin yielding27, thus debonding persisted to 350 iy~ 2 pressure as
strength decreassd and fracture surfaces approached a flat topography (Fig.8).

This reflects zreater difficulty of load redistribution between bundles and is

associated with strength decreass, as in the case of CFRP (Fig.3).

a
Similar experirents to the tensile were done in cormpression on 62% Type A
carbon fibre/epo-ide pultrides hars using "dog bone” specimens (Fig.3fla)) in

ihe pressurs range e«tending to 400 Mm%, The arial comprassive strenglh was

NVILS BT ? st atmospheric pressure and was found to vary strongly with pressure
(Fir.13) atove 157 fmT?, Thus ~ochanioms involving whear-operated failure of
tra fipras, irmplying o slooe of 1 for precssure dependence, ani lepenidence on
o omatrie ofogpr ma2ulus ondioe 15 only weskly pressuro dependent, must Le dis-

s, s e, Tur higoar pressure dato.




8

8

-
0

-
»n

-
.‘

PRINCIPAL COMPRESSIVE STRESS IN GNm2
2. ©
¥
1

o8| 6T

06} -7 -

04| i
L 1 1 i i 1

0 100 200 300

HYDROSTATIC PRESSURE IN MNm*

Fig.10. Data on the compressive strengths of pultruded CFRP (e )
and GRP (A ) at pressures extending to 300 MNm™2. Plotted are
suggested pressure dependences of ¢ of CFRP and GRP
respectively and of oc(my] for bothccomposites.

It is suggested that there are two segments to the Oy ~ H relationship, each
corresponding to a necessary stage of the compressive failure process: matrix
vielding and bundle buckling. At atmospheric pressure and in tests up to

150 MNm~2 pressure the initiation of failure was associated with transverse
cracking (splitting) which was followed by kinking, implying that kinking
required the higher stress. Using4 relation (8) and a bundle diameter of
0.43 mm, buckling length of 2.9 mm is predicted, not inconsistent with obser-

vations of detached bundles.

Above 150 MNm™2 pressure splitting was no longer observed, consistent with its
being more difficult than kinking and the first split resulting in catastrophic
c(bb) CFRP on Fig.10 can be tentatively
identified with the bundle buckling mechanism and that labelled Gc(my] with
matrix yielding process in this CFRP. The pressure dependence of Gc[bb] is

low; this could be related to that of the composite modulus in relation (8).

failure. Accordingly the plot labelled ¢

oc(my)’ however, is expected to vary with pressure, to the first approximation,
as does the matrix tensile yield stress. The data correspond to ~0.33 per

100 MNm™2, somewhat higher than the epoxide strength dependence. We have
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assumed so far, however, pressure independence of R, the bundle radius of cur-
vature at failure. Transverse compression can only be expected to increase R,

thus increasing o )[H). We would therefore postulate that both o, and R are

c{my t
pressure dependent, though we have no measurements to support the latter hypo-

thesis. will be furiher discussed when considering GRP data.

0c[my]

(f) GRP in compression

Pressure experiments on 60% Vf GRP pultruded rod were similar to those conducted
on CFRP7. The samples were also fitted with aluminium end rings to aid align-
ment within the pressure testing rig. The atmospheric compressive strength was
.15 GNm~2 and strongly linearly pressure dependent, rising to 2.2 GNm™ 2 at

300 MNm~2, ie by ~0.35 per 100 MNm~2 superposed pressure, as did CFRP above

150 MNm~ 2 (Fig.10). The corresponding figure is 0.22 if maximum shear stress
and not the maximum principal compressive stress is considered and thus again
matrix modulus and fibre shear stress models of failure should be discounted.
Additionally data could not be satisfactroily interpreted in terms of micro-
buckling of individual fibres.

It is to be noted (Fig.10) that for the same type of matrix (epoxide) but fibres
of different strengths and moduli the compressive strengths cf CFRP and GRP are
the same above 150 MNm™ 2 superposed pressure. Failure then has been associated

with matrix yielding at ¢ being the critical stage of the process, and it

clmy)
is now suggested that this is the critical stage in this GRP in all our tests.

This implies that bundle buckling at ¢ is easier and once a debond of

c(bb)
sufficient length has been formed, catastrophic feilure ensues. Thus kink
bands were observed, but not detached bundles in our microscopic investigations
of failed samples. Examination of relation (8) implies that, if all micro-

structural parameters are the same for CFRP and GRP, ¢ should vary

cc(bb)
cclbb) GRP has been plotted

CFRP line and it is seen that

directly with the composite modulus. Accordingly o
48/ .

in Fig.10 at 110 (the EC ratio) of the %clbb)

it can not intersect the oc(my] plot. In weak matrix composites, however,

o] would be lower and then @ transition is prssible.

cclmy)

DISCUSSION

The subject of the conference being Failure Analysis Techniques for Fibre-
Reinforced Composites, the technigue of testing under superposed pressure needs

to be criticaelly assessed in the context of design date and identifying mecha-
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nisms. We would like to concentrate our discussion on the latter point and

refer first to discounting mechanisms.

We would recall that independence of 0; on pressure can generally be associated
with tensile stress-operated ﬁechanisms and a slope of #1 in o-H linear plots
with shear stress-operated mechanisms in crystalline solids. Whenever we
observed the former (in tension) this has been our conclusion: cracking of
brittle fibres has been the mechanism postulated. Increasing compressive
strength and decreasing tensile strength with increasing pressure have been
observed for both CFRP and GRP, certainly at pressures below 150 MNm~2, This
is the type of pressure dependence required by fibre shear-stress operated

mechanisms. Nevertheless we have discounted them.

The reasons for this are two-fold and illustrate the dangers and advantages of
using pressure data. Caution must be exercised and complementary evidence is
essential: in our experiments this has been gathered by optical as well as
scanning electron microscopy. If the pressure dependences of all the variables
in the strength relation are known, exact pressure dependences of composite
strength can be predicted. Thus the required tensile strength-H dependence is
-1 for a fibre shear strength-operated mechanism, whereas approximately double
that has been observed (Figs.5 and 7). For compressive strength it would be

+1, whereas it was observed to be always over 3 for GRP and CFRP above 150 MNm™2
and approximately, but less than, 1 only for the CFRP data below 150 MNm™ 2
pressure (Fig.10). These data, together with microscopic evidence, appear to

us sufficiently strong not to consider critical fibre shear stresses as relevant
to failure analysis of unidirectional CFRP and GRP tested in axial tension and

compression.

The data on pressure dependences of the tensile and compressive strengths of
resin, and unidirectionally aligned GRP and CFRP, with supporting optical and
scanning electron microscopic observations of pre-failure "damage" and failure
surfaces, have enabled us to consider the relative difficulties of these four

processes:

1. Tensile fracture of fibres at off composite stress.

2. Debonding of (curved) fibre bundles at Oy
3. Delamination (growth of transverse cracks leading to bundle detachment)

at o .
4, Kinking or fibre bundle buckling at be' my




The debonding/delamination processes were different in the two types of compo-
site we studied, occurring at the fibre/resin interfaces in GRP, but within the
resin in CFRP (Fig.9). The mechanisms are thus postulated as being controlled
by fibre adhesion and fibre/resin frictional properties in GRP and resin yiel-
ding and failure in CFRP. Before a (surface) bundle can kink (buckle),
however, the transverse support must be overcome and this will be controlled

by the resin yield strength. Thus oc[my] can be the same for the same matrix

composite if bundle geometry, size, straightness and V. are the same for compo-

.F
sites with fibres of quite different properties, as are carbon and glass.

The bundle detachment at Omy should mark the end of Hookean behaviour in ten-
sion and compression. With increasing stress (and time) the transverse cracks
can continue to grow8 and this process can be impeded or suppressed by trans-

verse (part of the hydrostatic) compression.

In tension the partially detached bundles can continue to be loaded and thus
contribute to the increasing load-carrying capacity of the component. One
would argue, however, for increased matrix strength, which should increase
omy' For our CFRP there is reasonable scope: from 1.2 GNm 2 to ~2.0 GNm 2,

composite strength determined by o In general thus stronger matrices should

ff°
be considered whenever omy<Vx g

ff°
The Gmy mechanism appears to operate in compression in GRP and CRFP, tne other

necessary process is bundle buckling, at o The latter is relatively easy in

GRP, unless fibre alignment is near perfecS? because of the low Young's modulus.
If our model is correct, increasing omy’ by increasing matrix strength, would

be more effective for GRP, although if g, were raised in the 2.0/1.2 ratio
theoretically worthwhile for CFRP tensile properties, it would also correspon-
dingly raise O to 1.9 GNm™2 at atmospheric pressure. We would add that, if
this near equality of atmospheric tensile and compression properties is

achieved by a matrix strengthening mechanism, it should nat be cited as evidence
of fibre-shear operated mechanisms controlling failure in tension and com-

pression.

In many composite applications bending stresses are more important than simply
tensile or compressive and the problem of interlaminar shearing arises; accor-
dingly we have also tested CFRP beams of differing span/depth ratios in three-
point bending under superposed pressuress. A complicating feature, not restric-

ted to our test specimens, is the initiation of "kinking" damage by the "com-
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pression" rollers, particularly in three-point bending, especially of short
span specimens. At atmospheric pressure kink growth during the non-linsar

part of the load-deflection curve was followed by kink propagation for span-to-
depth ratios of 5, 15 and 40 in 60% Vf CFRP, Kink growth with decreasing load,
increasing deflection and accompanying redistribution of stresses led to two

types of failure: normally referred to as "flexural" and "interlaminar”.

In the former, in specimens wicth the longer spans, tensile fallure was con-
currently initiated at peak stress of ~1.6 GNm 2 to give the characteristic
tensile and compressive zones on the failure surface (Fig.11(a)). The catas-
trophic failures wers preceded by 4-15% non-linear deformation (measured as
proportion of peak load). Not only had the failure specimens two zones, ten-
sile and compressive, so had individual fibres, which some28 have associated
with compressive failure in buckling. At pressures up to 170 MNm™2 kinking
failure was initiated at approximately constant compressive stress (at the
1imit of proportionality) of 1.6 GNm 2 (Fig.12). Failure propagation and
accompanying tensile fracture were also similar to the process observed at
atmospheric pressure (Fig.11(b)). At higher pressures, however, although
failure initiation was similar, kinking was suppressed and tensile/compressive
failure boundary moved towards the tensile surface and at 300 MNm~2 pressure
no evidence of compressive failure was found (Fig.411(c)). 1In the tensile zone

pull-out lengths decreased with increasing pressure (as in axial tensile tests).

£ e
cnn

&

S
o Y Lo
Fi T

(a) (b) (c)

Fig.11. The failure surfaces of flexural CFRP specimens tested at
(a) atmospheric pressure and (b) and (c) superposed pressures
of 150 and 300 MNm 2. Note the movement of the tensile/com-
pressive failure boundary towards the tensile surface as
pressure is increased such that no compressive failure is
visible in (c) and reduced fibre pull-cut lengths.

1mm

Tests on beams with span-to-depth ratio of 5 gave a value of 88+1 MNm™2 at peak
load for the so-called "interlaminar shear strength”, the value being 62+2 MNm2
at the limit of proportionality at atmospheric pressure. Then the growing kink
initiated interlaminar cracks in resin-rich zones as it propagated, with decrea-
sing load, towards the tensile surface. As pressure was increased to 150 MNm ~2

the behaviour was not substantially altered, but the peak load for failure in-
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The pressure dependences of (Fig.12) maximum principal tensile
and compressive stresses and (Fig.413) also interlaminar shear
strength of flexural specimens tested under superposed pressure.
Note full symbols refer to modss of failure.

creased somewhat (Fig.13). At higher pressures kinking was not suppressed, but
interlaminar cracking was. Failure surface had tensile and compressive failure
zones, as the other flexural specimens (Fig.11) and, with increasing pressure,
the tensile/compressive boundary moved towards the compressive surface. Maxi-
mum principal tensile and compressive, as well as shear, stresses are plotted
in Fig.13 and it is seen that the maximum principal compressive stress at peak

load for the short beam specimens tested under pressure was 1.1 GNm~ 2.

Let us now apply the models of failure involving matrix yielding, fibre fracture
and bundle buckling, noting that specimen curvatures are now imposed by the
loading fixture. Failure initiation was localised to the rollers and can be

regarded as a specimen geometry dependent process, as is debonding in tension.

Let us first consider the longer span specimens: examination of Fig.12 shows
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they failed by a "compressive"” mechanism at atmospheric and superposed pres-
sures extending to 150 MNm 2, We have a reasonable.cor}elation with uniaxial
compressive strength, 1.5 with 1.7 GNm %, the highsr figure being partly due
to applying the "strength of materials” formuls when the load-deflection res-
ponse was no longer linear. The pressure dependence is small, less than 0.1
c(bb} CFRP of rig.10. It is
therefore postulated that bundle buckling controls flexural strength in this

per 100 MNm~2, not markedly different to that for o
pressure region, including atmospheric tests.

At higher pressures failure took place at an approximately constant tensile
stress of ~1.8 GNm™2, approximately equal to the tensile strength directly
determined at atmospheric pressure. It is to be noted, howsver, that it is
somewhat higher than the directly determined tensiie strength at these prassures
in specimens of similar material, 1.5 GNm 2. The discrepancy may well be
again partly due to applying the linear "strength of materials" analysis to

calculate flexural strength.

Turning now to the short span specimens, we note that failure took place at
.1 GNm™ 2 compressive stress and the pressure dependence was approximately
0.25 per 100 MNm™2 superposed pressure (Fig.13). The data thus correlate

well with the occ(myJ-H plot of Fig.10, which has only GRP points below 150
MNm™ 2 pressure. Accordingly we would postulate that the effect of imposed
bending and concentrated load was to initiate kinking/buckling at compressive
surface stresses much lower than needed in axial compression. Thus there was
no longer any need to satisfy the uniaxial compressive LA condition. Though
kinked, the surface bundles are still able to transmit compressive stresses.
This process is thought to continue until matrix yielding and either delamina-
tion (at lower stresses) or tensile and compressive failure take place (above
150 MNm-Z superposed pressure). The actual surface tensile stresses in a beam
which has kinked up to one-third way across the thickness can not be accurately
calculated using "strength of materials” theory, procedure adopted for data
points on Fig.13. It is suggested that the critical stage, whether delamina-
tion or flexural failure ensues, is controlled by matrix yielding to account
for the compressive stress dependence, approximately 0.25 per 100 MNm 2 super-
posed pressure (Fig.13). It is to be noted that moreover our compressive
stress plot in Fig.13 corresponds fairly well with the matrix yielding plot of
Fig.10. At this stege we would suggest that the near equality of atmospheric
strengths at “v1.1 GNm 2 is fortuitous (unlike the pressure dependence), as the

absolute level of "interlaminar” shear strength (and therefore proportionately
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maximum compressive stress) can be influenced by loading roller diameter?s
(affecting the concentrated load) and strategic surface reinforcement30

(affecting difficulty of kinking/buckling).

CONCLUSION

The application of hydrostatic pressure, well able to discriminate between
shear and tensile stress-opsrated mechanisms, has enabled us to obtain compo-
site mechanical properties data susceptible to more rigorous interpretation.
Thus for unidirectionally aligned fibrous composites of glass and carbon in
epoxide tested in axial tension and compression we were able to demonstrate
the roles of matrix yielding (in tension and compression), bundle buckling (in
compression), as well as tensile fibre failure mechanisms. Data obtained in

flexure can be consistently interpreted.

We appreciate that the composites we considered, as well as the loading system,
are simple. We intend to stay with the latter, they are more complex than used
for the majority of strength tests, but intend to extend the former to woven
fabrics. It is to be noted that our data demonstrate the importance of a
structural entity, a bundle, and its curvature. These are more noticeably
present in woven fabrics. Application of our analysis for atmospheric pressure
tests to two types of satin weave cloth has yielded encouraging correlations
with bundle and Euler buckling models of compressive strengths. We hope to

substantiate these with pressure testing.
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Post Failure Analysis of Selected
Thermoplastic and Thermoset
‘Composite Test Coupons

Introduction

Post failure analysis usually involves investigations to determine the
failure origin, failure mode and sequence of failure. Failure mode and
sequence can usually be determined by a knowledge of the type of test article
and load conditions. The origin, however, is frequently difficult to
determine because the failure sequence and fracture debris obscures or
destroys the initiation site,

Although information on the fajlure origin is frequently lacking, it is
possible to deduce the conditions by microscopic examination of the
surrounding areas. Optical and scanning electron microscopy reveal a large
amount of information concerning fiber and matrix properties, matrix porosity
and fiber/matrix interface conditions. Other physical property tests for
fiber volume, per ply thickness, ply orientation and percent of unreacted
resin provide insight into material condition when combined with microscopic
examinations.

A representative post failure examination is discussed in this paper to
i1lustrate the investigation procedures and the value of the results. The
investigation concerned graphite/polyphenylenesulfide, AS4/PPS, thermoplastic
test coupons which exhibited Tower than expected test values for compression,
flexure, and short beam shear properties,

This work was part of an on-going in-house evaluation of new composite
materials which also included graphite/polyetheretherketone, AS4/PEEK,

graphite/K-11 polymer, AS4/KII, and graphite/epoxy, AS4/3502., Vendor data for
these materials is shown in Table I,
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Material Evaluations

An initial evaluation was made of AS4/PPS and AS4/3502 composites to
determine tensile, comprcssion, flexure and short beam shear properties.
Results of these tests, along with vendor supplied data, are shown in Table
I1. It may be observed that the LTV test results for AS4/PPS for flexure and
short beam shear strength were well below the values reported by the vendor.
Lower than expected values were also found for 0° compression strength.

Subsequent evaluations oa the effect of processing variables on
thermoplastic composites produced much higher flexure and short beam shear
strength for AS4/PPS specimens. Results of these tests on AS4/PPS, AS4/KI1l
and AS4/PEEK are shown in Table III. These tests were performed on a
different batch of AS4/PPS.

Because of the wide variations in test values reported in Table III and
the Tow strengths found for one batch of AS4/PPS, it was decided to look at
the microstructure of selected thermopiastic specimens and compare them with
typical AS4/3502 epoxy specimens as a baseline material, Small samples were
taken from failed specimens for examination by scanning electron microscope.
Scanning axaminations were made on a Cambridge Stereo Scan Electron
Microscope, Model 200, at magnifications from 18x to 5000x.

Failure Analysis

Figures 1 and 2 show the fracture surfaces of one of the AS4/PPS and
AS4/3502 flexure specimens reported in Table II. Figures 3 and 4 show
fractographs of the tension and compression fracture surfaces of the AS4/PPS
specimen, Flexure specimens are subjected to compression and tension loads
above and below the neutral axis of the specimen which are at a maximum at the
point of load application. Tear fractures typical of ductile plastic failure
are shown in Figure 3 on the compression surface of the AS4/PPS specimen. The
tension side fracture surface for AS4/PPS shown in Figure 4 reveals relatively
long fiber lengths with almost no matrix resin adhering to the fiber surfaces,
indicative of poor adhesion between the resin and fiber. Fracture of the
fiber ends indicates a tensile mode failure, Similar views of the AS4/3502
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specimen are shown in Figures 5 and 6. The compression side fracture surface
shown in Figure 5 shows a relatively featureless surface characteristic of
fracture of a brittle material 1ike the 3502 epoxy resin. The tension side
fracture surface shows much shorter exposed fiber lengths with a large amount
of resin adhering to the fiber surfaces.

In order to better understand the cause of the poor adhesion between the
fiber and matrix it was decided to examine the fracture surface of one ply of
AS4/PPS tape "as received" from the manufacturer. This sample was compared
with the fracture surface on an “as received" one ply sample of AS4/PEEK
(ICI APC-2). The one ply specimens were made by cutting a 1/2" x 3" piece of
prepreg from the rolls of prepreg tape and breaking the pieces in a vise in
the laboratory. The AS4/PPS sample was from the same batch as the coupons
used for the tests reported in Table I1I, Evidence of poor adhesion on these
samples would indicate a supplier manufacturing problem and not a user
processing problem,

Figure 7 shows the fracture surface of the AS4/PPS one ply specimen at
1000x magnification. This specimen also showed an appearance of poor adhesion
between the fiber and resin as evidenced by relatively long fibers with only a
small amount of resin remaining on the fiber surfaces. Figure 8 shows a
similar view of the AS4/PEEK one ply specimen at 1000x magnification. This
sample appeared to have better adhesion between the fiber and resin as
evidenced by the resin material remainirg on the fiber surfaces. Figures 9
and 10 show the fracture surfaces of the two samples at 5000x. The AS4/PPS
sample had areas where no resin was adhering to the fiber surfaces. However,
the AS4/PEEK sample had resin residue remaining on all fiber surfaces. As
stated above, these samples were never processed by LTV, but were taken “as
received”" from the rolls of prepreg tape. The appearance of poor adhesion on
the "as recefved" AS4/PPS material indicated the poor test values reported in
Table II were the result of fiber "wet out" problems at the prepreg supplier
and not the result of user processing.

A second batch of AS4/PPS was used in making panels 2, 3, and 4 reported
in Table III. Specimens made from these panels all had higher flexure and
short beam shear strengths than the samples made from the earlier batch of
AS4/PPS prepreg. Scanning electron micrographs for a typical flexure specimen
made from AS4/PPS panel 3 are shown in Figures 11, 12, 13 and 14,
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The compression surface morphology in Figures 12 and 13 shows similarity
with the morphology in Figure 3 for a ductile plastic surface. However, the
tension side surface in Figure 14 shows much better adhesion of the resin to
the fibers than evidenced in Figure 4 for the earlier sample. The improved
adhesion apparently was the reason for the better mechanical properties of the

second batch of AS4/PPS.,

Scanning electron micrographs were also made on selected specimens from
the AS4/KII and AS4/PEEK panels reported in Table II1, Fracture surfaces for
a typical AS4/KII specimen are shown in Figures 15, 16 and 17. Similar
fracture surfaces for a typical AS4/PEEK specimen are shown in Figures 18, 19
and 20,

Conclusions

It was concluded from this work that post-failure analysis of test coupons
is an aid to materials evaluations and that the scanning electron microscope
is a useful tool in this application. Evaluation of fracture surface
morphology indicated that poor resin/fiber adhesion, in one batch of
thermoplastic composite, was a contributing factor to low values obtained from
mechanical strength tests. Subsequent tests on another batch of the material
revealed improved resin/fiber adhesion and improved mechanical strength values.

During these investigations it was also shown that valuable information
could be gained concerning resin ductile/brittle characteristics, fiber
fracture modes, resin/fiber adhesion characteristics and overall fracture
surface appearance,
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Figure 1. Fracture surface of flexural coupon from
AS4/PPS panel 1. Tension side on the
bottom.
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Figure 2. Fracture surface of flexural coupon from
AS4/3502 panel. Tension side on the

bottom.
18X
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Figure 3. Compression side fracture surface of fiex-
ure coupon from AS4/PPS, panel 1.
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Figure 4. Tension side fracture surface of flexure
coupon from AS4/PPS, panel 1.
1000X
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Figure 5.
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Figure 6.

R Y IO
Compression side fracture surface of
flexure coupon from AS4/3502 Panel.

1000X

Tension side fracture surface of flexure
coupon from AS4/3502 Panel.
1000X
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Figure 7.
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Fracture surface of single ply of AS4/PPS.

AS4/PEEK.

Fracture surface of single ply of
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Figure 9. Fiber surfaces of single ply AS4/PPS.
' 5000X
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Figure 10. Fiber surfaces of single ply AS4/PEEK.
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Figure 11.

Fracture surface of an AS4/PPS flexure
specimen from panel 3. Tension side at
the bottom.
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Figure 12. Compression side fracture surface of
flexure coupon from AS4/PPS, panel 3.
, 1000X
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Figure 13. Compression side fracture surface of
flexure coupon from AS4/PPS, panel 3.
Area in fracture surface where fibers
failed in bending.
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Figure 14. Tension side fracture surface of flexure
coupon from AS4/PPS, panel 3. Compare
with Figure 4 for resin adhesion to fibers.
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Figure 15. Fracture surface of a flexure specimen
from AS4/K-ll panel 2. Tension side is
shown on the bottom.
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Figure 16. Compression side fracture surface of
flexure specimen made from AS4/K-ll

panel 2.
700X |

Figure 17. Tension side fracture surface of flexure
specimen from AS4-K:Il panel 2.

1000X
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Figure 18. Fracture surface of a flexure specimen
made from AS4/PEEK, panel 12. Tension
side surface is shown on bottom.

30X
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Figure 19. Compression side fracture surface of
specimen made from AS4/PEEK, panel 12.
Resin tear structure indicative of ductile
plaster material.

1200X
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Figure 20. Tension side fracture surface of
specimen made from AS4/PEEK, Panel 5.
Good adhesion evidenced by resin

residue on all fiber surfaces.
1000X
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ABSTRACT

Research was initiated to study the delamination
mechanisms in continuous fiber reinforced composites. The concept
of controlled interlaminar bonding (CIB) was proposed and
followed in preparing fiber-epoxy composite laminates with
enhanced fracture toughness, without significantly degrading the
strengh properties. The interlaminar bonding was manipulated by
several techniques including inserting delamination promotors,
surface modification of laminae, and incorporating
third-direction fibers. Preliminary results indicated that the
plane-strain fracture toughness of E-glass-epoxy laminates can be
improved by inserting perforated interlaminar films of aluminum
foil, paper, fabrics, polyester, and polyimide. Such interlayers
were used to promote delamination that will dissipate strain
energy as well as diverting and blunting the Griffith crack. The
fracture resistance of a laminate was found to depend on the
degree of delamination in competetion with the propagation of a
main crack, which is in turn controlled by the relative magnitude
between the interlaminar strength and lamina cohesive strength.
The former is determined by the degree of interlayer perforation,
bonding betweaen the interlayer and the laminae, and the
concentration of third-direction fibers. Although the
third-directional fibers tend to inhibit delamination they
compensate for this effect by increasing the interlaminar surface
energy, resulting in respectable toughness withou. excessive
delamination, The loading direction is also found very important
in dictating the failure processes. The results of a study on
several composite systems are presented and discussed along with
post-failure observation data.




INTRODUCTION

High strength and high toughness are usually considered to be
mutually exclusive in conventionally made high-modulus fiber
composites. Composites with a strong fiber-matrix interfacial
bond tend to have a high strenth but iow toughness. A crack in
such materials usually breaks through all the filaments in the
path of the crack and complete fracture ensues with very little
amount of energy dissipated. Composites with a weak interfacial
bond, although may be fracture resistant due to extensive
debonding and great fiber pull-out friction, is often of low
strength.

To alleviate this problem several attempts have been made to
impart high toughness to the composites without sacrificing the
strength properties [1-9]. This subject has been reviewed by Mai
et al.[10]. They all rely on suitably modifying the interface
either between fiber and matrix or between two laminae. In one
method [1,2] the fibers are intermittently coated with an
appropriate viscous fluid such as polyurethane varnish. The
varnish-coated zones would mask the effects of surface finish
originally applied to improve the interfacial bonding. The
uncoated, and therefore strongly bonded, zones ensure that the
fiber strength is picked up while the weak areas serve to blunt
the running cracks by the Cook/Gordon mechanism as well as to
produce large fiber pull-out lengths, resulting in a large
fracture toughness.

Instead of intermittent fiber coating, the method of
controlling the bonding between prepreg layers may be used to
improve the fracture toughness of composite laminates. Favre [11]
used full films of either metallic or orgarnic material as
delamination promotors in composite laminates. These films were
stacked between prepreg layers to induce an extensive
delamination of the test pieces which would absorb a great amount
of energy. The main crack propagats in a plane perpendicular to
these films while the multiple spliting between layers may impart
additional toughness to the laminate by diverting and blunting
the main crack. However, the composite is often subject to a loss
in strength. Jea-et al. [12] have used a technigue for producing
intermittent bonding between laminae which consists of
interspersing layers of thin Mylar films between adjacent prepreg
layers. Each Mylar film consists of a matrix of holes that would
allow epoxy resin to flow between Taminae. Through these holes a
strong bonding can be achieved after cure that would help
maintain the strength properties. The remaining solid Mylar film
leads to a relatively weak interlaminar bonding and acts as a
delamination promotor. Both the strength and the toughness of a
laminate can therefore be achieved simultaneously. Similar
concept has been explored by Mai et al.[13] and by Elber [14].
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In the present report a generalized concept of controlled
interlaminar bonding is proposed and discussed. It is suggested
that, besides perforated Mylar films, many other materials in
several different forms may be used, some of which may be of
lower cost, easier to fabricate, and more effective in
controlling the composite strength and fracture resistance. A
research project has been initiated to attempt to understand the
fracture mechanisms of composite laminates prepared according to
the concept of controlled interlaminar bonding (CIB). Preliminary
results are herein presented that demonstrate the general
validity of the CIB concopt. The perforated films used include
Mylar, Kapton (polyimide), paper, aluminum, and textile fabrics.
Another possible way of practicing the CIB concept is to
introduce the fiber reinforcement in the third direction to form
a multidimensional (or 3-D) composites. Although certain degree
of delamination may imparts fracture toughness to a material, an
extensive delamination resulting in a loss of strength is not
desirable. Bradshaw et al [15] suggested that a third direction
fiber reinforcement may increase the interlaminar strength and
fracture energy of composites. Novak [16] also recognized the
potential of 3rd direction reinforcement when he stitched plies
of boron/gliass together with Kevliar-49 fibers and obtained
increased resistance to delamination. Herrick [17] showed that
multidimensional composites possess superior impact resistance to
comparative 2-D laminates. These suggest that an appropriate
placement of 3rd direction fibers may lead to a maximum fracture
energy with a minimum degree of delamination or fracture damage.
The delamination conditions for various configurations of
laminate are identified and discussed.

EXPERIMENTAL
Materials

The materials used in the present investigation are listed
in Table 1. Prepreg tapes of E-glass-epoxy with commercial name
"Scotchply 1003':were received from 3M. These include .
unidirectional, crossplied, and quasi-isotropic (07+60/-60)
tapes. The delamination promotor (DP) films inserted are Mylar,
Kapton, bleached paper, aluminum, or textile fabrics, each
containing a uniform distribution of holes. Both film thickness
and area fraction of holes are controlled as material parameters.
Unless otherwise specified, the stacking sequence of prepreg
layer(p) and delamination promotor{(d) is pdpdpd...pdp,i.e. the
outer layers are prepreg tapes and there is one and only one
promotor film sandwiched between two tapes. Since each isotropic
tape as received consists of five layers by itself, the total
volume of the delamination promotor films only represents a small
fraction of the composite laminate.
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Sample Preparation
A. Delamination Promotion

The first step in the sample preparation involved the design
of a method to perforate the DP films. The first design consisted
of a 6"x 8"x 1/2" piece of balsa wood with pins inserted through
the wood and glued in place. The films to be perforated were
placed and punched on the plateform made of foamed plastic. This
design only permits the perforation of a few layers at a time. A
second technique of perforation was to stack a number of DP films
together and sandwiched these films inbetween two sheets of graph
papers. A uniform distribution of holes were then created by
drilling through the lattice points of the graph paper. The hole
size and the total area fraction of holes may be varied by
changing the lattice constant ( the grid size ) of the graph
paper and the drill bit size. Both techniques appear to give
satisfactory results., The perforation area was measured by light
microscopy followed by a computerized image analysis.

The prepreg tapes with alternating layers of DP film were
then placed in a stainless steel mould with cavity dimensions of
6"x 8". The thickness of a sample is determined by the
requirement of test piece geometry. For instance, the plane
strain fracture toughness test (ASTM E-399) requires a thick
specimen. Each isotropic composite laminate used in this test
consists of 8 layers of prepreg tapes and 7 layers of DP films,
while the corresponding tensile bars consists of 4 and 3 layers,
respectively. The material was then cured in a compression
molding press according to the temperature and pressure programme
suggested by the material supplier,

B. Delamination Inhibition

The laminates prepared in this phase of study are divided
into five groups as listed in Table 2. Each group of samples were
designed for a specific purpose. Type A samples include
unidirectional glass fiber-expoxy laminates (1-D) and their 2-D
counterparts. The 2-D materials were constructed by laying up
small strips cut from a unidirectional prepreg tape in the second
direction on the surface of a first directional tape (Fig. 1).
The strips were arranged intermittently with empty space that was
later filled with epoxy resin during curing. Such second-dir.
fibers were introduced to act as delamination inhibitor in the
otherwise 1-D material. They were also used to strengthen the
weak planes when loaded in the 2nd or 3rd direction. Volume
fracti?n of the 2nd-dir. fibers were controlled as a material
variable. :

In type B, the third directional Kevlar fibers (TDKF) were

stitched through the 2-D COFAB Kevlar fabrics to produce a 3-D
preform which was then impregnated with epoxy resin before
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compression-molding. This group of samples were designed to
determine if a 3-D composite would possess a greater damage
resistance than a corresponding 2-D material.

Type C samples are basically 3-D laminates composed of 2-D
graphite fabrics stitched with TDKF. The TDKF were so arranged
that in each 3-point bending or impact loading specimen there
exists a center zone free of TDKF. The dimension of this 2-D zone
was varied to allow possibly varying degree of delamination upon
loading of specimen at the center. We were interested in learning
how the TDKF would act to affect the delamination process of 2-D
laminates, A special 3-D sample with fibers coated with a thin
layer of polybutadiene rubber before epoxy impregnation was
prepared to see whether delamination promotor (rubber layer) and
delamination inhibitor (TDKF) can be concurrently manipulated to
achieve an optimum fracture toughness.

Type D materials were prepared from crossply prepreg tapes
of E-glass epoxy. They include both 2-D and 3-D laminates, the
latter containing TDKF penetrating through the 2-D laminate. Each
TDKF yarn consists of 1, 2, 3, or 4 strands of filaments. The
yarn was inserted through each lattice point of a graph paper
glued on the top prepreg layer to ensure a uniform arrangement of
TDKF. The symbol "4+4-*" was used to represent the case where
TDKF penetrates through the corner points as well as the face
centered points of the square lattice, implying a double
implantation of TDKF.

Type E materials also combine the concepts of delamination
promotion and inhibition. The 2-D samples include a control group
of specimens which are essentially crossplied (or bidirectional).
The second and third groups have different stacking sequences
comprising alternate layers of Kapton film and prepreg tape. The
TDKF was stitched through these 2-D layers to form 3-D laminates.

In order to measure the fracture toughness of a material,
the laminate was machined into compact tension test specimens as
shown in Figure 2. The chevron notch in the compact tension
specimen of an isotropic laminate was positioned so that the
loading direction was parallel to the fiber direction of the 0
degree tapes. In the unidirectional laminates the notch is
oriented perpendicular to the fiber direction. The chevron notch
was further sharpened by a razor blade and used as a starting
crack. Standard rectangular bars were used for both impact
Toading and three-point bending test. The tensile testing bars
were obtained by grinding and polishing the thin and rectangular
specimens fixed in a dumbell-shaped templet.

Mechanical Testing

In order to determine if incorporation of DP films would
degrade the tensile strength of a laminate an ASTM standard test
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was conducted on each type of composites prepared. The tensile
test was performed in a screw-driven Instron testing machine with
a cross-head rate of .1 in./min.. Any specimen that did not fail
in the gauge section was considered to be invalid and therefore
rejected. The tensile strength presented here represents an
average out of several valid tests.

Both unnotched and notched specimens were loaded in a
flexural mode along two different loading directions. Both slow
three-point bending and high-rate impcact testing were conducted
to study the loading rate effects on the failure mechanisms. One
loading direction (hereafter referred to as y-direction) was
designed to be normal to the original laminar plane (Fig.3a) so
as to create natural delamination (between original prereg
layers). A second loading direction (z-direction) was oriented to
be parallel to the original laminar plane (Fig.3b). These two
directions represent the extremes of possible real loading
directions. The delamination phenomenon in each case was
carefully studied with naked eyes during flexural loading and by
light microscopy and scanning electron microscopy (SEM) after
flexural or impact loading. The notched specimens in each case
were used to study the interaction between the main crack and the
perpendicular cracks, as an attempt to understand the criteria of
delamination. The slow flexural loading was performed using a
fully computerized MTS mechanical testing machine while the
impact test was conducted in a Tinius Olsen impact tester.

The ASTM E-399 plane strain fracture toughness test for
metallic materials was adapted to measure the fracture resistance
of composite laminates. The same MTS machine was used for this
test throughout the investigation.

Microscopy

Well-polished specimens were examined by optical and SEM
methods before and after mechanical testing to observe the
microcracking and macro-delamination phenomena. A few specimens
were loaded and unloaded before a complete failure ensued and
their crack propagation modes observed intermittently by optical
microscopy. Final delaminated or fractured surfaces were also
examined by TEM, The instruments used were Zeiss optical
microscope, and AMR Model 1000 and ISI 40 SEMs.

RESULTS AND DISCUSSION
A. Delamination Promotion

The tensile and compact tension test results are listed in
Tables 3 and 4, respectively. It is clear that adding only seven
perforated Maylar films (each of 12.5 um thick) in an 8-ply
isotropic glass fiber-epoxy laminate (total thickness ~ 1/4 in.)
has increased the fracture toughness by 27% without sacrificing

4-6




the tensile strength. Mylar films only occupy 2% by volume of the
total Taminate. The specificctions of delamination promotor
materials are listed in Tabic 5. The delamination promotor (DP)
films in this group of samples are designed to be parallel to the
propagation direction of the main crack and perpendicular to the
main crack plane. This type of configuration is not expected to
be effective in promoting delamination.

Eight different types of fabrics with varying hole
concentration were used to "reinfsrce" the isotropic laminates.
It was found that, in general, lower area fraction of holes
(areas of stronger interlaminar bonding) results in a greater
level of delamination and therefore a larger value of impact
energy (or larger area under the load-displacement curve obtained
from a 3-point bending test).

The samples were loaded in either Y-direction or
Z-direction. The isotropic laminates loaded in Z-dir. generally
show a slightly higher impact value than those loaded in
Y-direction., The former exhibit a combination of transverse
buckling, delamination, and main crack propagation. The
delamination in the Z-dir. samples is not as extensive as in the
Y-dir. samples. However, the splitting in the former usually took
place within the original prepreg tape which each consists of
several plies with different fiber oricntations. The strain
energy dissipated in creating a unit area of delamination is
greater in this case than in the case of delamination between the
fabric layer and the prepreg layer.

The difference in impact energy between the Z-dir. and
Y-dir. loading of unidirectional laminates is considerably
higher. The main crack propagation mode ( "cut tupe" ) during
Z-dir. loading of unidirectional samples has been suppressed with
the transverse buckling and delamination dominating, resulting in
a great level of energy absorption. The delamination is more
extensive in the Z-dir., than in the Y-dir. loading. The
load-displacement curves obtained from the 3-point bending tests
for all composites studied also exhibit significantly different
features. For instance, Fig.4a shows that an isotropic laminate
loaded in the Z-dir. exhibits a maximum in the load-displacement
curve followed by a rapid drop in load, corresponding to the
initiation and propagation of a catastrophic crack. Only a very
small extent of delamination was observed in this specimen. The
considerably higher degree of delamination observed in the
corresponding specimen loaded in the Y-dir. was reflected by the
numerous steps in the curve of Fig.4b. A careful study of the
macroscopic failure modes lead to the following observations.

General Discussion on Delamination

1. Loading In Y-direction
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When applying the lcad in a direction normal to the laminae
the unidirectional laminate may exhibit several macroscopic
failure modes, the relative importance of each mode depending on
loading conditions, specimen geometry, and material parameters.
If the beam supported at two ends has a long span than a tension
failure mode on the tension side of the beam will occur at the
midpoint where the stress is maximum or near it, at the weakest
point. As the fibers in the first layer were broken a high shear
stress will exist in the matrix between these two layers which
may initiate cracks running toward both sides parallel to the
layers (delamination). If the tension mode dominates the main
crack will cut through the laminate thickness, resulting in very
little delamination and dissipating only a small amount of strain
energy. This would happen when the interlaminar strength (%) is
relatively strong.

If T, is moderate, the delamination mode would compete
with the tension mode. Consider the interfacial crack
(delamination) that initiated near the root of the tensile crack
(main crack or Griffith crack). . Since the stress is decreasing
toward the supports, the interfacial cracks will be arrested
after some distance. In the case of a short beam, the interfacial
crack may grow all the way to one or both ends. If the loading is
continued and when the stress in the second layer is high, the
fibers will be bhroken and the main crack will propagate up to the
third layer. Again, delamination may occur and propagate to
certain extent. The resulted sample shows delamination as well as
main crack failure, leading to a great level of energy
dissipation.

If the T is relatively weak, delamination will occur
first, preferrably along the neutral axis where the shear stress
is high. When this happens to a great extent the beam is
essentially split up into two heams each having a neutral axis
and tending to undergo separate delamination processes. This
extensive delamination mechanism may continue to operate until
the beam is bent to the extent that it simply slips through
between two supports. In general, the main crack mode is
essestially suppressed when such an extensive delamination takes
place. However, when main crack does grow through these separate
laminae assemblies each assembly (a few layers) tends tc show
both tensile and compressive failure on both sides of the neutral
gé;s of each assembly. This can be clearly differentiated using

If the material is cross-ply or isotropic laminate the same
mechanism is valid here, except that there are less layers to
arrest the propagating crack. Further, in the case of isotropic
égminate damage zone may extend at an angle different from 90°or
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2. Loading In Z-direction

When unidirectional glass fiber/epoxy specimens were loaded
the specimen often delaminated laterally and high energy
absorption resulted. The failure mechanism in this case is
transverse buckling and delamination as shown in Figure 5(b).
This failure initiates on the compression side of the beam and
results from the fact that weak planes are created in the
vertical direction and there is no restraint preventing these
planes from delaminating. In other words, there is no
compressive stress normal to the planes as there would be in the
case of Y-dir. loading. When a crossply or isotropic laminate is
loaded along the Z-direction the main crack propagation ("cut"
type) is always a dominant mode of failure. The energy needed to
propagate a crack through the crosssection is much lower than the
energy need to form a great deal of delamination between the
layers as the crack advances or pushes through the crosssection
[18]. In the case of crossply laminate, the crack front is not
straight as there are weak layers in the thickness where it can
propagate easily. These weak layers let the crack surround the
other layers and fracture the fibers without arresting the crack
propagation. This explains why crossply and isotropic laminates,
when loaded in Z-direction, did nct show a high level of energy
absorption. A1l samples loaded in Y-direction do show varying
degree of delamination. Sometimes delamination does take place
at the compression side but it is restricted to a few layers
while in the case of Z-direction loading of unidirectional
laminates it starts with many layers and propagate downward, thus
absorbing a large amount of energy.

3. Transition of Failure Mode

Aveston [19] considered one longitudinal crack extending
the whole length of the test bar in three-point bending. The
maximum energy was found to be three times the fracture energy in
the brittle mode (Griffith cracking only). Aveston further notes
that if the sample repeatedly delaminates according to the
successive neutral axes of the bar, more energy can be absorbed.
Similarly, Hancox and Wells [20] observed that, for carbon-glass
sandwich composites, the work of fracture as measured by the Izod
test or the slow bend test was greater than the calculated work
from the flexural strain energy stored in the bars.

Bader and El11is [21] showed that when various carbon
fiber-reinforced plastics are compared on the basis of the
standard Charpy test, there is a transition from one mode to the
other. This transition takes place when:

0c 2L

= 1
Ti D-d (b
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where JE and Ui are the flexural strengths and the shear
strength, i.e. material parameters, respectively, while L, D, and
d are the test parameters, i.e. span and depth of beam and notch
Tungth, respectively. This equation may be derived on the
assumption that the subcracking ( delamination ) will take place
if the shear stress Fs exceeds the shear strength i of the
composite before the flexural stress Ff exceeds the flexural
strength ¢ of the composite. Or if:

Fs Ff Fs Ti (2)
> or > 2
Ty Jc Ff 0ec
For a beam loaded in three-point bending at the center (also
Charpy testing) :

3W
Fs = ——o (3)
4b(D-d)
3L
Ff = m— (4)
2b(D-d)

where W is the load at failure and b is the breadth of the
specimen. Therefore Eq. (2) reduces to

Ti D-d Jc 2L 5)
< or > 5
fc 2L Ti D-d

and transition botween Griffith cracking mode and subcracking
mode occurs if Eq. (1) holds. Our data indicates that Eq. (5) is
a useful guideline for predicting failure modes in composite
laminates subjected to flextural loading.




B. Delamination Inhibition
Type A:

The top curve shown in Fig. 6 indicates that, when loaded
in the axial direction of the second directional fibers, the
impact resistance of the composite laminate with the lst-dir.
fibers parallel to its length decreases with increasing volume
fraction of the 2nd-dir. fibers. Post-failure examination of the
specimens shows a decreased degree of delamination when the
volume fraction of the 2nd-dir.fibers is increased. In-situ
observation of macroscopic failure mechanisms during a
three-point bending test confirms this trend. These observations
suggest that introduction of a controlled amount of 3rd-dir.
fibers should help inhibit the delamination of an otherwise 2-D
laminate if so desired.

The bottom curve of Fig. 6 describes the impact resistance
of a composite laminate as a function 2nd-dir. fibers when the
loading direction is parallel to the 1lst-dir. fibers. 1In this
case the 2nd-dir., fibers help to carry an increasing level of
load, leading to a higher fracture resistance. Without the
2nd-dir. fibers in the present case the load would be essentially
carried by the matrix alone. Corresponding compact tension tests
showed that the stress intensity factor (Kq) increased from 1.07,
10.7, 22.9, 23.3, to 28.6 (Ksi-in**,5) when the 2nd-dir. volume
ratio (V2/Vl) increased from 0, 0.3, 0.5, 0.75, to 1.0. These
observations, although appear to be trivial, do have important
implications in controlling the failure processes of composites.
They can be extrapolated to the case of the 3-D composites which
should either show superior fracture resistance over the 2-D
materials when loaded in the weak direction or assist in
resisting the delamination of the 2-D laminate when loaded in the
strong directions.

Type B:

Limited data (Table 6) show that the 3-D all-Kevlar
composites exhibit only slightly higher impact energies than the
corresponding 2-D materials. However, 3-D materials show a much
lower degree of delamination damage when loaded in either Y- or
Z- direction.

Type C:

Rubber coating on the fiber surface, if with a relatively
weak rubber-fiber bond, should tend to promote microdelamination
while the 3rd-dir. fibers tend to inhibit delamination. These two
effects seem to be conflicting to each other. However, it is
expected that the propagation of the delaminating crack should
absorb a greater amount of energy in 3-D than in 2-D (on the
basis of per unit area of new surface created). A combination of
both effects surprisingly results in a 3-D material with a
superior impact strength (Table 7).
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Type C and D:

Based on the limited data obtained thus far, the size of a
central 2-D zone in an otherwise 3-D laminate did slightly affect
the resulted degree of delamination; the higher the size, the
greater the delamination. However, no apparent improvement in

g the impact strength was recorded (fig. 7). The 3rd-dir. fibers,
although make it difficult to delaminate (therefore result in a
smaller area of delamination), did require a higher energy
absorption per unit crack area. These two effects seem to
compensate for each other in the present case.

Type D:

The impact strength of 2-D and 3-D composites is plotted
against the measured delamination area as shown in Fig. 8. It is
clear that greater delamination is generally associated with a
higher impact energy. However, given the same resulted
delamination area the 3-D material exhibits a superior impact
energy. This example vividly indicates the great potential of
the 3rd-dir. fiber reinforcement in controiling the damage
resistance of composites.

Type E:

Table 8 also reveals that a combination of delamination
promotion concept (using Kapton films) and delamination
inhibition concept (using 3rd-dir. fibers) could provide an
effective method in tailoring the fracture resistance of
composite laminates.

CONCLUSION

A new concept of controlled interlaminar bonding (CIB) has
been introduced to optimize the damage resistance of composite
materials. The interlaminar strength can be controlled by
inserting extra layers of delamination promotor films and/or
introducing third directional fibers. The macroscopic failure
modes have beer identified and discussed. The general
superiority of 3-D over 2-D composites in failure resistance is
also demonstrated. An approprite manipulation of the
delamination promotion (DP) and delamination inhibition (DI)
agents could lead to a composite with a superior damage
resistance.
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Table 1. Materials listing.

Material Commercial Manufactured
Used Name by

1. Unidirectional Scotchply Type 3M Company
E-glass/epoxy 1003
prepreg tapes

2. Crossply Scotchply Type 3M Company
E-glass/epoxy 1003
prepreg tapes ,

3. Two dimensional COFAB Kevlar Composite
nonwoven Kevlar biaxial A2208 Reinforcements
fabrics Business

4, Two dimensional COFAB Carbon Composite
nonwoven graphite biaxial A3313 Reinforcements
fabrics Business

5. Kevlar yarns Kevlar-49 E.I.duPont de

Nemoursé&Co.,Inc.

6. Kapton films Kapton E.I.duPont de

(polyimide) Nemours&Co.,Inc.
7. Epoxy resin EPON Resin Shell Company
1001-A-80

8. Epoxy curing ACME-"Z" Distributors,Inc
agent

9.Rubber CTBN 1300X13 BFGoodrich Co.

toughening
agent
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Table 2. A summary of samples preparation.

Note: * represents strand

Sample Variation in preparation Materials
Categories Used
1. Standard (40 layers) E-glass/epoxy,
(only 1D model) unidirentional.
TYPE A 2. Volume fractions of 30 layers of
second direc., E-glass unidirectional
fibers; 0.3, 0.5, 0,75, prepreg tapes plus
1.0 (2D model) small strips of
. tapes.
1. Standard (15 layers) Kevlar biaxial cloth
(2D model) Shell epoxy added.
TYPE B 2. 2D model + TDKF Kevlar fibers
(3D model) Shell epoxy added.
1. Standard (15 layers) carbon biaxial cloth
(3D model) Shell epoxy added.
2. Varying volume fractions Kevlar fibers added
of TDKF (3D model) in the third dir.
TYPE C 3. Varying the center spacing Kevlar fibers added
i.e. 1/4",7/16",9/16",3/4" in the third dir.
4, Surface treatment of Kevlar fibers in
fiber with butadiene 3rd dir.
rubber. (3D model) A11 fibers treated
with polybutadiene.
1. Standard (13 Tayers) E-glass/epoxy,
(2D model) crossply.
2. Varying the volume Same crossply +
fraction of TDKF,i.e. 3rd dir. Kevlar
TYPE D 1-*,2-%,3-*,4-% 444.%, fibers.
3. Varying the center Same crossply +
spacing, i.e. 3/16",7/16", 3rd dir. Kevlar
5/8", 1" (3D model) fibers.
1. Standard (0/90)13 E-glass/epoxy,
(2D model) bidirectional.
2. [(0/K/90/K)13 ] bidirectional &
(ZD model) Kapton films
TYPE E 3. [( 0/90/KH bidirectional &
(2D mode]f Kapton films
4. [(0/K/90/k), D1+TDKF bidirectional &
(3D model) Kapton & Kevlar
5. [(0/90/KH 0]1+TDKF bidirectional &
(3D model) Kapton & Kevlar
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Table 3. Results of tensile tests

Type of Type of urs Young's modulus Fracture strain
Laminate DP Material (KSI) E- (KSI) Ef (%)
Isotropic* None 37.1 752.3 4.6
E-glass-
Epoxy Aluminum
Foil 37.7 631.8 5.6
Kapton(50H) 27.6  631.8 6.8
Mylar(25S) 36.8 821.8 4.3
Paper 40,7 734.9 5.1

* Loading rate = 0.005 in./ min,
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Table 4. Results of compact tension test for isotropic laminates

Type of P Pmax K Rsc

DP Material  (1bs) (1bs) (ksi-in72)

None 717.9 749.7 22.32 1.064
ALUMINUM

FOIL 789.8 843.38 23.61 1.049
Kapton 693.3 736.7 20. 38 1.31

Mylar 837.0 877.5 27.55 1.30

Paper 656.3 719.3 19.64 0.874

Table 5., Specifications of delamination promotor materials

OP Material Thickness { um ) % Perforation
Aluminum Foil 50 , 30

( Mylar 25S 6.4 30

[ Mylar 48S 12 28

’ Kapton 50H 12.7 20

1 Paper 25 25




Table 6. Comparision of 2D and 3D models of Kevlar/epoxy
composites in Charpy impact test.

IMPACT ENERGY-Y IMPACT ENERGY-Z
FT-LBS Standard FT-LBS Standard
Deviation Deviation
éD MODEL 10.75 1.06 13.15 0.92
3D MODEL 11.25 0.35 14.0 0.71

Table 7. Comparison of Charpy impact energies of standard,
wide spacing, and rubber treated samples loaded
in different directions.

IMPACT ENERGY-Y IMPACT ENERGY-Z
FT-LBS Standard FT-LBS Standard
Deviation Deviation
Standard  14.5 7.4 12.9 0.7
(3D model)
Wide spac. 14.3 1.1 12.6 0.3
Rubber 22.7 3.1 14,5 0.8
treated




Table 8. Comparison of Charpy impact test data of samples with
varying stacking sequence and amount of Kapton films,

IMPACT ENERGY-Y

IMPACT ENERGY-Z

FT-1BS Standard FT=-LBS Standard
Deviation Deviation
(0/90)13 28.0 .- 24.0 -e=
[(0/K/90/Kh30] 27.5 0.5 24.5 0.5
[(0/K/90/KX30] 40.0 4.4 28.3 3.2
+ TDKF
[(0/90/K7]§] 25.0 .- 20.0 3.6
[(0/90/K)]p] 33.9 3.2 23.4 1.8

+ TDKF
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Fig.1

Fig.2
Fig.3

Fig.4

Fig.5

Fig.6

Fig.7

Fig.8

FIGURE CAPTIONS

Schematic of the procedure used in preparing model 2-D
composite from the unidirectional prepreg tapes and the
small strips cut therefrom.

Specifications of a compact tension specimen.

(a) Y-direction Yoading: loading direction perpendicular
to the lamina p'ane. (b) Z-dir. loading: parallel to the
lamina plane.

(a) The load-displacement curve of a fabric-reinforced
isotropic laminate loaded in the Z-dir.. (b) Loaded in the
Y'dil"..

(a) Unidirectional laminate loaded in the Y-dir.. (b) in
the Z-dir..

The impact energy of a model 2-D composite as a function
of volume fraction of 2nd-dir. fibers.

The impact energy of 3-D composites as a function of the
dimension of a center 2-D zone.

Impact energy as a function of delamination area and
concentration of 3rd-dir. fibers.




Akt A )

Small strips of unidirectional prepreg tape.
-F

Unidiractional prepreg tape.

v

7o

Fig. 1. Model of 2-D composite.
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Fig. 3. (A) y-direction loading.
(R) z-direction loading.
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Residual Strength Assessment of Impact Damaged CFRP laminates.

by
W.J. Cantwell and J. Morton.
Department of Aercnautics,
Imperial College,
London.

Abstract
A series of carhon fibre composites were subjected to low velocity
impact loading. Damage initiation and propagation was assessed
using optical microscopy and thermal deplying. The effect of impact
damage on residual tensile strength was then examined.
It was found that impact resistance was strongly dependent upon the
flexural stiffness of the camnosite target. The thin, flexible
laminates failed in flexure whereas the stiff target failed at the
top surface as a result of the contact stress field.
A simple fracture mechanics model was then successfully applied to
predict the variation of residual tensile strength with impact

energv.

Irtroduction

Advanced carkon fibre reinforced compusite materials are finding
increasing application in aerospace structures. The high specific
strength and stiffness cf these materials enakle considerakle
savings in structural weight to be achieved at little extra cost.

Indeed, carben fibre comgesites are now used extensively in the
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primary and secondary structures of many modern day aircraft.

One area of particular concern to the designer of aircraft
structures is response of composite materials under localised
impact loading. Previous studies have shown that impact loading
generates large regicns of delarination, matrix cracking and fikre
fracture, the relative amount of each depending upon parameters
such as the impactor geometry, support conditions, material
properties and laminate stacking configuration (1-5).

Subsequent loading of impact damaged compcsites frequently results
in significant reductions in residual strength. Previous work (6,7)
has shown that impact damage, although invisible to the naked eve,
can result in strength reductions of up to forty per cent.

This report details the findings of an experimental programme aimed
at understanding the processes by which damage initiates and
prcpagates in a ccmposite structure when subjected to drop-weight
impact loading. The effect cf this damage on the tensile strength
is also considered. A simple fracture mechanics approach is then
emplcyed in crder tc predict the variation of residual tensile

strength with incident energy.

Experimental Procedure

The laminates studied in this prograr. were manufactured frcm
preimpregnated sheets cf Courtaulds high strength, surface treated
XAS fibres in Ciba-Geigy BSL 914C epoxy resin. Details of the

larinate stacking configqurations are given kelow.
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Lay-up No. of Plies Thickness (imm)

((+45,-45) , )g 8 1.0
(07+45,~45,0) ¢ 8 1.0
((0° ,+45,-45), )g 16 2.0

After laying up the panels were cured in an autoclave following the
manufacturers recamendations. This process yielded panels with a
norinal fibre volume fracticn of sixty per cent. After post curing
the quality of the ranels was assessed using an ultrasonic scanning
facility.

Test specimens with dimensions 150mn x 25 mm x thickness were cut
fror the panels using a high speed diamond slitting wheel.

Impact testing was conducted on a drop—~weight impact rig. Here a
lcaded carriage with a six millimetre diareter ncse was raised to a
predetermined height and released. The falling carriage was guided
by two rparallel rails to ensure a normal impact at the desired
locaticon. In this programme the composite targets were supported
Letween two 12.7mm diameter rcller supnorts positioned 50mm apart.
Irpact damage was assessed using optical microsccpy and thermal
deplying. Thermal deplying was perfcrmed by placing the damraged
coupens in a furnace preheated to a temperature of 420°C. After one
bour the ccmposites were remcved and allcwed to cocl to recm
temperature. Complete deplying was then achieved with the aid of
sticky tape and a sharp knife.

In preparation for static tensile testing aluminium end plates with
dirersions 40mm x 25mm x 2mm were konded to the ends of the damaged

coupens. All tests were then conducted on an Instron universal
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testing machine at a crosshead rate of 2mm/minute.

Results

Low velocity impact loading generated large regions of damage
spreading well away from the point of impact. This damage camprised
of delamination, matrix shear cracking and fibre frécture. The
initiation and propagation of the damage was assessed using optical
microscopy and thermal deplying. The former is now a well
established technique yielding a clear two dimensional view of the
damage zcne. Thermal deplying, however, has not been widely used.
This process can be cf immense use <cince it yields a three
dimensional view of the darage zcrne and allows the regicns cf fibre
fracture and delaminaticn to ke readily identified. Shown in figure
1 is a deplied layer taken from a perforated sixteen ply (0,+/-45)
larirate. In the fiqure the region of fibre fracture is clearly
evident. Closer exawination of the deply alsc highlights the
presence of a region of delamination arcund the perfofated region.
The follcwing section deals with the propagation of damage in the
carposite targets and the effect of such damage on the residual
tensile strength.

It was found that impact resistance and subsequent residual
properties were strongly dependent upon the composite stacking
configuration. Conseguertly, the impact and pest-impact behavicur

of the laminates will be discussed seperately.

Eight gly (+/-45) compcsite

The initiaton and prcpagaticn of damage in this laminate is

detailed in the micregraphs shown in figure 2. First damage was
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detected in the matrix between the lower surface fibres after an
incident energy of 0.63 Joules, figure 2a. This lower surface
damage appears to be a result of a flexural failure, that is, the
tensile camponent of the flexural stresses has exceeded the local
fibre-matrix interfacial strength. The effect of this damage on
tensile strength is shown in figure 3. It appears that this
localised matrix fracture has 1little or no effect on tensile
strength of the coupon. With increasing impact energy this lower
surface matrix crack propaated upwards through the lowest ply to
the neighbouring ply interface where it was deflected to form a
plane of delamination. By 1.2 Joules damage has extended upwards
through the thickness of the composite via a complex network of
delaminations and matrix cracks. Closer examination of the
micrographs suggests that two types of translaminar matrix cracks
are present those "that extend away from the location of lower
surface fracture and those that are focussed towards the point of
impact on the top surface. In previous work (8), it has been
suggested that these two fracture mechanisms are a result of the
contact and flexural stresses induced within the target
respectively.

Reductions in residual tensile strength were first noted after 1.25
Joules. Examination of the deplies at this impact energy
identified the presence of a small region of fibre fracture near
the rear surface of the target.

In previous studies (4,9), workers have attempted to quantify the
growth of impact damage by monitoring the variation of delaminated

area with impact energy. Since this study is principally concerned
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with understanding the effect of impact damage on tensile strength
the transverse length of fibre fracture was chosen to characterise
the arowth of damage. The resulting curve for this eight ply
laminate is shown in figure 4. Clearly the growth of fibre fracture
with incident energy is rapid for energies between the threshold
for fibre fracture and the perforation limit. Because this trend in
damage growth appears to be approximately linear over this range of
energies a least squares fit has been applied to the data and is
shown in the figure.

Target perforation occurred after an incident energy of 3.22
Joules. Examination of the resulting microaranhs and deplies
indicated that the projectile had generated extensive damage
extending well away from the location of impact. It was noted that
the hemispherical nose of the dron-weight carriage had removed a
frustrum shaped shear plug from the impact region, figure 2d. 1In
removing this shear plug a large volume of fibres have been
fractured indicating that considerable energy has been dissipated
in this shear out process. Examination of the residual strength
curve in figure 3 indicates that it is at this energy where the
reduction in tensile strength is greatest. At energies above this
threshold damage is slightly more localised and the reduction in

strength not quite as severe.

Eight plv (0,+/-45) camposite

Although of similar thickness to the orevious target the
orientation of the fibres in this (0,+/-45) composite renders it

approximately three times stiffer and therefore alters its impact
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resistance.

The treshold for first damage in this laminate was 1.0 joules, this
being greater than the value of 0.63 Joules observed in the
corespording (+/-45) target. The deplies and micrograph, figure 5a
clearly identified the presence of fractured fibres in the lowest
ply of the composite. Since these are the principal load-bearing
fibres this damage although small and localised resulted in a
twenty percent reduction in tensile strength, figure 6. Therefore,
although the (0',+/-45) composite had a higher threshold for first
damage than that of the (+/-45) laminate, its threshold for fibre
fracture was lower. Consequently the (0,+/-45) targets suffered
reductuions in residual strength at lower incident energies than
the (+/-45) camposites.

The supsequent progression of fracture is detailed in the
micrographs shown in figure 5. At energies just above the damage
threshold the lower surface fibre fracture generated a region of
delamination and matrix cracking between the lower surface plies,
figure 5b. This form of interlaminar fracture may be beneficial
from a strength viewpoint since it serves to isolate the rear
surface fibre' fracture thus reducing anv local stress
concentrations.

With increasing iﬁcident energv the propagation of damage is
essentially similar to that observed in the previous laminate. Here
again fractu.e extends through the thickness of the composite via a
network of matrix cracks apd delaminations. Such damage will reduce
the flexural stiffness of the target quite considerably, thus

precipitating further fibre fracture in the lower surface plies.
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The growth of damage with incident energy is shown in figure 7.
Here again fibre fracture aopears to vary in a linear fashion with
impact energy. Damage was most severe at 2.9 Joules, again this
being coincident with the threshold for target perforation. The
perforation energy of this target is clearly below that of the
correspending (+/-45) laminate. This disparity in perforation
energies is primarily due to the energy dissipated in delamination,
the area of interlaminar fracture in the (+/-45) laminate was
approximately twice that incurred in the (0,+/-45) composite. This

is discussed in greater detail in reference 8.

Sixteen ply (0’,+/-45) composite

This two millimetre thick composite represented the thickest and
stiffest target considered. The initiation and propagation of
damage in this composite is shown in figures 8 and 9.

Damage, in the form of localised matrix cracking, was first
detected in the top surface layer after 1.6 Joules, figure 8a. This
initial fracture arpears to be a <consequernce of the
impactor-induced stress field exceeding the local strength cf the
canposite. Closer examination of the impact region suggested that
this top surface matrix damage had initiated at the edge of the
area of contact. In considering the contact problem (8), it has
been shown that the tensile stresses are a maximum at the peripherv
of the area of contact. It therefore seems likely that this top
surface failure incurred in this laminate is a result of these
tensile stresses exceeding the tensile strenath of the local

fibre-matrix interface. This substantiates the findings of Dorev
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(9) who rerorted a sizeable increase in the damage threshold energy
in surface treated composites.

With increasing energy this crack propagated dcwnwards forming a
plane of delamination between the uopermost plies. The residual
strenath curve in figure 10 indicates that this damage has no
effect on the tensile strength cf the ccupcn. With increasing
incident energy denege propagates through the thickness as shown in
figure 8c. In this figure the nresence of a number of translaminar
matrix cracks are clear. These cracks appear to radiate downwards
ard away frcm the point of impact resulting in a conical shaped
fracture. This suggests that this damage is principallv a result of
the contact streses field, flexural effects are not apparent at this
stage.

Fibre fracture was first detected after an incident energy of 1.7
Joules. Here a top surface crack was clearly visible extending from
the impact lccaticn. Examinaticn of the fracture surface under a
scanning electron micrcscope shcwed that the fracture surface was
smooth, indicetive of a compression failure, probably as a result
cf the compressicn camponent cf the flexural stress field. The
resulting grcwth cf fibre fracture with incident energy is detailed
in figure 9. Although a greater level cf scatter 1is apparent the
trends apparert are similar to those observed ir. the two eight ply
ccmposites.

Targyet perfcraticon occurred after an incident enerqgy of 6.6 Joules.
The microraph of the perforated camposite, figure 8d, clearly shoms

the cheracteristic frustrum-shaped shear zone.
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Discussion

When subjected to localised transverse impact loading a composite
structure will respond with out-of-plane flexural deformations. The
mode of response induced by the impinging projectile will depend
upon the mass and velocity of the impactor and the target geometry.
Under low velocity impact loading, where the mass of the projectile
is considerably greater than that of the target, a primary mode of
response is excited enabling conéiderable energy to be accommodated
in elastic flexure. This ability to absorb energy in elastic
flexure will depend upon such parameters as the support conditions,
material properties of the target, structural geometry and fibre
stacking configuration. In previous work (7,8) the authors have
examined the influence of material properties and target geometry
on impact response. In this study hoth the target thickness and the
fibre stacking configuration have been varied. From the
experimental evidence it 1is clear that both of these parameters
play an important role in determining the impact response of a
composite  structure. The two eight ply laminateg possessed
relatively low flexural stiffnesses and failed in a flexural mode
at the lower surface. Fracture in the eight ply (+/-45) camposite
occurred when the tensile component of the flexural stresses
exceeded the local strength of the fibre-matrix interface. This
suggests that the incident energy for first damage can be increased
by surface treating the fibre-matrix interface. Indeed, limited
testing by Dorey (9) has shown this to be the case. In the eight

ply (0,+/-45) laminate failure initiated in the lower surface zero

|
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degree fibres, again as a result of the flexural stress system. In
these laminates the threshold for first damage could therefore be
enhanced by employing fibres with a higher strain to failure (7).
In both of the eight ply laminates fibre damage was localised to
the rear surface of the target. Only at energies approaching the
perforation threshold the damage become visible in the top surface
ply. If such laminates were to be used in aeronautical structures
the detection of such damage might prove difficult. However, recent
advances in non-destructive inspection techniques have resulted in
the introduction of several portable NDI devices which may
alleviate the problem.

First damage in the sixteen ply (0',+/-45) composite initiated in
the top surface ply at the periphery of the area of projectile
centact. This change in location of first damage was attributed to
the increased flexural stiffness of this target, it being
approximately twenty times stiffer than the eight ply (+/-45)
laminate. As a result of this increased flexural stiffness a very
large impact force would be required to precipitate flexural
failure in the lowest ply. However, at impact loads below this
critical value the impacting projectile has induced a contact
stress field sufficiently large to initiate failure between the top
surface fibres. This damage appears to result from the local
tensile stresses exceeding the fibre-matrix interfacial strength.
Such localised matrix damage did not, however, affect the residual
tensile strength, although it may reduce the campressive strength.
It was only at the threshold for fibre fracture that reductions in

tensile strength were incurred. Detecting fibre fracture at low
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incident energies would not be difficult in stiff laminates of this
type since damage initiated in the top surface ply and would
therefore be clearly visible.
At incident energies above the damage threshold fracture, often
spreading weel away from the point of impact, was observed in all
of the laminates. This damage consisted of delamination, matrix
shear cracking and fibre fracture. The presence of such extensive
damage indicates that a large proportion of the incident energy has
been dissipated in initiating and propagating fracture. 1In
Attempting to quantify the energy expended in fracture it is usual
to consider the fracture energies of the various damage mechanisms.
The fracture energies for matrix cracking and delamination in this
XAS-914C system have been determined by conducting dynamic burst
tests on a series of circular diaphragms (10). These tests yielded
values for the fracture energy that varied between 600 and 700 KJ/ME
Transverse fracture tests have been conducted on this composite
system and yielded a value for the transverse fracture energy of
approximately 38 KJ/M2 (8). This wvariation in fracture energies
suggests that camposite can be designed to absorb incident energies
in extensive regions of matrix fracture or localised areas of fibre
damage, the choice depending upon the service environment in which
the composite will operate.
It is now clear that the tensile strength of camposite material is
very sensitive to the presence of regions of fibre fracture. By
idealizing the region of fibre fracture as a simple notch with
similar dimensions it should therefore be possible to estimate the

residual strength of the damaged coupons using fracture mechanics
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principles.

Experimental programs attempting to examine the effect of a sharp
notch on the recidual strength of carbon fibre composite have been
carried out by several workers (11,12). These tests have identified
the formation of a damage 2zone in the regions of high stress
concentration at the notch tip. Closer examination of these damage
zones has shown that they consist of regions of matrix cracking and
delamination. The effect of this zone is to absorb strain energy
and reduce stress concentrations yielding composites with higher
than expected residual strengths.

Previous tests on angle ply +/-45 composites have shown that these
canposites exhibit a notch insensitive behaviour, that is, failure
results when the net section stress equals the unnotched strength
of the composite (13). In such circumstances the residual tensile

strength can be predicted using the net section relationship,

Q= T, 2a (1)

1 - —
w

where "a" is the semi crack length, the undamaged strength and
"w" is the specimen width. This approach was therefore applied to
the eight ply (+/-45) camposites. In the analysis the crack length
“2a" was taken to be equal to the maximum transverse length of
fibre fracture. Equation (1) was then used to estimate the
variation of residual strength with crack length. The results of

this analysis are shown in figure 11, here the residual tensile
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strength has been normalised with respect to the undamaged
strength. Included in the figure are the values determined with the
aid of the deplies. From the figure is clear that there is a good
degree of correlation between the theoretical and experimental
values. This was rather surprising since the region of fibre
fracture was not a smooth notch nor was it length constant through
the thickness of the laminate. This approach was then extended to
predict the variation of residual tensile strength with incident
impact energy. For a given projectile incident energy, the
dimensions of the transverse fibre fracture were obtained from the
damage growth curve shown previously in figure 4. By assuming this
dimension to be the length of the notch, equation (1) was employed
to predict the post-impact residual strength. The findings of this
procedure are campared with the experimental evidence in figure 12.
It is clear that this simple notch insensitive model provides a
simple but successful procedure for predicting the residual
strength of this damaged (+/-45) composite.

A similar approach was used to estimate the post-impact behaviour
of the (0,+/~-45) composites. Previous work by Kellas et al (11) on
the XAS-914C system has shown that (OD+/-45) composites of this
type display a distinct notch sensitive behaviour when tested in
tension. They found that by using a simple linear elastic fracture
mechanics approach it was possible to predict the residual tensile
strength of their notched CFRP laminates. This states the the

notched strength is given by the equation
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(2)

where "K, " is the fracture toughness of the composite, "a" the
semi crack length, "Y" the width correction factor and "R," a
dimension accounting for the effective increase in notch length.
During their tests, Kellas et al (11) determined values for K. and
R, of 5IMPa/W and 9x10™*M respectively. This values were applied
to the laminates considered here. The variation of normalised
residual strength with crack length was then determined for both
the eight and sixteen ply (0,+/-45) composites, the results of
which are campared with the experimental data in figures 13 and 14.
Although experimental scatter is quite considerable the predicted
curves do describe the trends in the experimental data reasonably
well, It is evident that many of the experimental points fall
between the noth sensitive and insensitive curves. This behaviour
appears to be a consequence of the extensive delamination incurred
during impact. This damage has clearly isolated the impact damage
and reduced the notch sensitivity of the composite.

This fracture mechanics technigue was then used to predict the
post-impact variation of residual tensile strength with projectile
incident energy. The results of this analysis are detailed in
figures 15 and 16. Once again the simple fracture model eppears to
be in very good agreement with the experimental results.
Conclusions
The impact resistance of carbor fibre reinforced composite hss been

shown to be strongly dependent upon its flexural stiffness, which
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in turn is a function of the fibre stacking sequence. Damage in the
flexible targets initiated at the lower gurface of the camposite as
a result of the local flexural stresses. In the stiffer sixteen ply
laminate fracture was first detected in the top surface ply having
been initiated by the contact stress field.

By treating the region of fibre fracture as a simple notch the
variation of residual tensile strength with impact energy was

successfully predicted using fracture mechanics principles.
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DEPLIED LAYER OF A SIXTEEN PLY (0, +/-45)

COMPOSITE

FIG. 1
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FAILURE MODE PREDICTION OF
BONDED CFRP-STEEL JOINTS
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1. INTRODUCTION

The strength of any adhesively-bonded joint is dependent on the strength
of its weakest component. This critical lowest strength may occur in many
different parts of the joint and depends on the strength of the adherend, the
adhesive or any intermediate zone between them, which may also contain an
oxide layer or a primer. In a properly made joint, failure rarely occurs in
this intermediate layer, but in the adhesive or, though rather less ofetn, in

the adherends.

The low transverse tensile strength of carbon fibre reinforced plastics
(CFRP) is well known. Because of this, attention must be paid to the design
of bonded joints with CFRP so that premature failure, resulting from excessive
transverse tensile stress is avoided. Recently, Cushman et al (1) stated that
"although numerous researchers have investigated the state of stress within a
bonded composite joint, few have made an attempt to predict actual failure
loads. Also most of these prediction techniques assume a failure of the
adhesive, and do not address the problem of interlaminar composite adherend

failures".

Here finite element methods (FEM) have been used so that joint failure
may be based on the conditions in either the adherends or the adhesive layer.
The use of FEM also enables more complex geometries to be analysed than is

possible with closed form methods.

The basic joint considered was a double lap joint with a unidirectional
CFRP central adherend and steel outer adherends, the dimensions being as
indicated in design 1 of Fig. 1. The remaining designs shown in Fig. 1 are
modifications of the basic design aimed at improving joint strength. In
designs 2 and 3 the outer adherends have been modified by tapering; this has
been shown by Thamm (2) to reduce the maximum adhesive shear stress in a joint,
providing the taper is continued to a fine edge. In design 4, the original
joint has been modified to include an adhesive fillet at the critical end of
the joint, which has been shown by Crocombe and Adams (3) to reduce the peak
maximum principal adhesive stress. Finally, in design 5 the combination of

tapering and filleting has been considered.

The adhesive modelled throughout was a toughened epoxy (Ciba~Giegy
XD911) which has a Young's modulus of 3.05 GPa, a failure stress of 84 MPa and

failure strain of 4.6 per cent when tested in bulk uniaxial tension.
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2. ANALYSIS

In a lap joint, the shear deformation of the adhesive is concentrated
at the edges of the overlap as a consequence of the well-known shear lag effect
caused by differential straining in the adherends, first analysed by Volkersen(4).
Also, internal bending moments are set up in the joint, which Volkersen accounted
for in his later work (5) so that a distribution of transverse normal stresses
exist. The maximum tensile value of the transverse stress occurs in the
adhesive layer at the edges where the outer adherends terminate. The so-called
"peel" stresses in this region have a significant influence on the failure of
the joint, since both the adhesive and the CFRP are weak under this mode of

loading.

Many analytical solutions for the state of stress in adhesive joints
have been published (6), which, whilst giving a qualitative assessment of the
effects of various parameters, do not enable joint strengths to be quantified.
There are several reasons for this. A complete analysis of the various com-
ponents of stress is required, including variations through the thickness of
both the adherends and the adhesive. The non-linear properties of the adhesive
must be included if realistic materials are to be modelled. In practice, joint
strength may be significantly influenced by the local geometry in the critical
regions of the joint, so it may be necessary, for instance, to account theoreti-

cally for the existence of a fillet of adhesive at the edges of the overlap.

Joint failure is a local phenomenon, so it is 1ecessary to include the

above conditions in a model of the joint. In order to achieve this, the finite
element method has been employed. Using this method, it has been shown by Adams
and Peppiatt (7), that lap joint failure is initiated by tensile failure of the
adhesive within the fillet close to the adherend corner. They showed that a
crack runs through the fillet at approximately 45° to the adherend surface,
perpendicular to the predicted directions of the maximum principal tensile
stresses in the adhesive. For double lap joints with aluminium adherends,
reasonable predictions of joint strength have been obtained (8) and by also
modelling large displacement deformations, reasonable predictions of the strength

of single lap joints have been obtained with a range of epoxy adhesives (9).

The adhesive fillet at the edge of the adhesive layer has been shown,
using finite element techniques, to reduce the maximum stresses in the adhesive(3).
This, together with Thamm's prediction by closed form analysis that, by tapering
the adherends to an almost "razor edge", the peak stresses in the adhesive may

be reduced (2), was utilised in various attempts to improve joint strength as
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shown in the sa2ries of joint designs illustrated in Fig. 1. The modifications
to the basic design 1 fail into three categories: 1in designs 2 and 3 the outer
stecl adhererds are tapered with a 10:1 gradient and the edge of the adhesive
layer is square; in design 4 the adherends are unmodified, but adhesive fillets,
whose size is defined by the angle "a'", are included; finally, in design 5, both

the tapered adherends and adhesive fillets are included together.

In many cases, it is found that the most highly stressed region in the
adhesive often occurs around one corner, the geometry of which results in a
singularity. 1In designs 1-3 the points designated as "A" in Fig. 1 are such
points as well as points "C" and "D" in designs 4 and 5 respectively. A fracture
mechanice analysis may be applied to the stresses in these critical regionms.
However, the authors know of no successful fracture mechanics method in which
the strength of bonded lap joints has been predicted. An alternative approach
has been used here (10) in which a small degree of local rounding is introduced
into the finite element model in the critical region, so that the singularity
is removed. In this way, the problems of dealing with singularities are
avoided and failure criteria applied to the maximum conditions occurring within
the predicted stress field may be employed. In practice, the corner geometries
are unlikely to be "perfect” anyway, so that the modified geometries are much

more likely to be realistic.

For the analysis, both the steel and CFRP adherends were modelled as
linearly elastic materials while, for the adhesive, yield and plastic defor-
mation were accounted for. The yield criterion for the adhesive is a function
of the hydrostatic as well as the deviatoric stress component and is of the
form (11):

2

[Jl(S - 1) + (J1(s - 1)2 + 12 JZS)lj/zs = Y, (1)
where J) and J; are the first and second stress invariants respectively and

S = YC/YT '

where YC and Y, are the yield stresses in uniaxial compression and tension

respectively.,

The material constants used for the adherends are given in Table 1.
The steel and CFRP properties were taken from the literature, and the adhesive

properties determined experimentally by the authors.

Typical stress~strain curves for the adhesive in both uniaxial tension

and pure shear are shown in Fig. 2.
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3. RESULTS AND DISCUSSION

3.1 CFRP stresses

For all of the joint designs considered, the maximum transverse stresses,
3T, in the CFRP occurred in the region adjacent to the edges of the outer steel
adherends. The values of GT for each joint when subject to a load of 1 MN m !
width derived from the finite element results, are given in Table 2. For
designs 1-3, it would appear that tapering the outer adherends has an insignifi-

cant effect on reducing o In Fig. 3, a contour plot based on the inter-

polation of Gauss point vzlues of the transverse stresses is shown in the
critical region of design 1. For this case, as with designs 2 and 3, there is
a large stress concentration adjacent to the very edge of the adhesive layer.
Because of the abrupt edge to the adhesive layer, the transfer of the load from
the inner CFRP adherend to the outer steel adherends is focused in this local
edge region; the transverse stresses in the CFRP decay rapidly away from the
edge region towards the centre-line of the joint and longitudinally away from
the overlap. This pattern of load transfer and concentration of stress is
affected very little by including either the outside or inside taper of designs
2 and 3. Note that prediction of the magnitude of the concentration of trans-

verse stress would be very difficult by closed form analytical methods.

The introduction of an adhesive fillet in design 4 leads to an appreciable
reduction in the maximum transverse stress in the CFRP. The relatively small
modification of a 45° fillet results in a two-fold reduction in the stress. The
fillet reduces the focus for the transfer of load at the edge of the overlap,
resulting in a more even distribution of transverse stress. Figure 4 shows
the stress distribution in the CFRP for a full depth 30° fillet. Compared with
the distribution for design 1 in Fig. 3, the stress concentration at the corner
has clearly been avoided and there is little variation in stress through the
thickness of the CFRP. With a fillet angle of just under 350, the maximum
transverse stress in the CFRP is reduced to almost one~third of that of the
basic design. The position at which the maximum stress occurs also depends on

the angle of the fillet.

For angles less than 350, G, is at point B in Fig. 1, inside the adhesive

fillet but approximately 0.5 mm outiide the overlap. The relative magnitude
of the stresses at the two points depends on the relative stiffnessez of the
paths by which load is transferred from inner to outer adherends, i.e. the
transverse stiffness of the paths through points A and B. The former depends

on the angle of the fillet and becomes less as the fillet angle is reduced.
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The latter is relatively insensitive to the fillet angle, so that when the
fillet angle becomes less than 350, the value and location of the maximum

stress varies little.

In design 5, the combination of the tapered steel adherend with an
adhesive fillet results in further reductions in the transverse stress concen-
tration. This is because the transverse stiffness at the edge oi the overlap
is reduced and, with an adhesive fillet present, the effect of the taper is

significant.

3.2 Adhesive stresses

The results of the finite element analyses also give the values of the
stress components at the various locations in the adhesive. From these, the
direction and magnitude of the principal stresres (and hence strains) are
derived. When joint failure is initiated by a cohesive failure of the adhesive,
it has been found that failure initiates in regions of maximum stress or strain
concentration in the adhesive and cracks propagate at right angles to the
direction of these maxima. Thus, by examination of the principal stress
distributions, the locations and directions of cohesive failure in the adhesive

may be predicted.

For the adhesive layer of design 1 in Fig. 5, the maximum stress occurs
close to the interface with the central CFRP adherend and any crack initiating
in this region will be driven towards the interface. With an adhesive fillet
as in Fig. 6, failure is expected to initiate in the vicinity of the corner of
the outer steel adherend and a crack will propagate through the fillet and
again down to the interface with the CFRP. With the tapered joint, removing
the corner of the steel adherend leads to a relieving of the stress concentration
at the corner and now the maximum occurs at the outer surface of the adhesive
fillet close to the outer steel adherend corner. Again, cracks initiated in
this region would be expected to propagate through the fillet to the interface
with the CFRP as indicated.

4. CONCLUSIONS

There are two possible mechanisms of failure for the double lap joints
considered here. Either excessive transverse tensile stresses at the edge of
the joint close to the interface result in interlaminar failure of the CFRP,
or concentrations of the principal stresses in the adhesive result in yielding

and straining to failure in tension. Since the latter will result in cracks
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running through the adhesive to the interface, so that thereafter interlaminar
failure of the CFRP may occur, it may not be clear in the first instance which

mechanism is responsible for failure from the fractured surfaces of the joint.

By applying suitable failure criteria to the finite element results, it
is possible to predict the load required for failure to occur by each mechanism.
For interlaminar failure of the composite, a maximum tensile transverse stress
of 40 + 6 MPa has been found experimentally. For the cohesive failure of the
adhesive, a maximum principal tensile strain criterion has been found to
predict joint strength reasonably. Here, the limiting value of 0.0475 has
been used equal to the strain at failure in bulk uniaxial tension, which closely

resembles the state of stress in the critical regions of the adhesive.

Thus, by using finite element techniques, it is possible not only to
predict the strength of joints from fundamentals, but also to predict the mode
of failure. This greatly assists the post-failure analysis of joints as it
otherwise is difficult, if not impossible, to decide where the failure

initiated.
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TABLE 1

Material Properties used in the Finite Element Analysis

(a) Steel: (elastic)
Young's Modulus 210 GPa

Poisson's ratio 0.29

(b) Adhesive: (elasto-plastic)

Young's Modulus 3.05 GPa

Poisson's ratio 0.35

S (constant in 1.24

eqn. 1)
(¢) Unidirectional CFRP: (elastic)

Longitudinal modulus 140 GPa
Transverse modulus 7 GPa
Interlaminar shear modulus 4.5 GPa

Longitudinal and transverse Poisson's ratio 0.3

TABLE 2

Predictions of the Maximum Transverse Stresses in the CFRP
from Elastic Finite Element Analyses with 1 MN m™!
with Applied Load

Fillet o, in CFRP

Design angle ou

1 - 38

2 - 37

3 - 36.5

4 45 16

4 3v 10

4 17 10

5 45 13

5 30 6.5

5 17 5
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ABSTRACT

In using any material in a structure, it is first necessary
to characterize the <failure of the basic material in order to
make predictions as to the strength of the structure. Such
procedures are well-ectablished for metals but are still under
development for composites. Efforts in this area are
complicated by the multiplicity of failure modes which occur in
composites, especially the out-of-plane failure mode known as
delamination. Failure criteria which are developed often deal
only with in-plane phenomena. It is thus important to use
experimental results controlled by in-plane phenomena in
correlating data via such criteria, Not recognizing the
difference between in-plane and out-of-plane failure modes can
cause very erroneous conclusions to be drawn from the initial
data resulting in poor predictions for failure strength. The
effect of ignoring this basic difference in the origin of
failure will be discussed in the context of several examples
which show that both gross underestimations and overestimations
of the actual strength of a structure can be made when
extrapolating coupon-type data. In addition, several rules of
thumb, which have been established through experience, will be
discussed concerning the classification of failure surfaces via
macroscopic inspection as due to in-plane or out-of-plane
sources. Often, "secondary" effects can cloud the actual
fracture areas possibly leading to incorrect conclusions. It is
especially important to obtain a physical understanding of the
types of failures which can and cannot occur in specific
instances.

1. INTRODUCTION

The failure characterization of composite materials is
complicated by the fact that there are a number of possible
failure modes in composite materials [1] including f£fiber
fracture, matrix cracking, and fiber/matrix debonding. Although
these failure modes are all quite different, they do share one
common  point in that they are all "in-plane" phenomena.
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However, out-of-plane phenumena are also important in composite
laminates. It has been recognized for a number of years that
interlaminar stresses arise in composite materials at free edges
(2] or, more generally, in gradient stress fields. These
interlaminar stresses often result in an out-of-plane failure
mode, known as delamination, which can significantly alter the
strength of a composite laminate from its expected "in-plane"
value [3-5]. Delamination is a common phenomenon which occurs
at the matrix interlayer between plies. This matrix interlayer
is the weak link in a composite laminate and thus is susceptible
to failure.

It is of the utmost importance to realize these two major
different modes of failure in composite materials do exist:
in-plane failure, that is failure due to in-plane stresses
(044,04, and 9y ); and out-of-plane failure, or delamination,
pt%&ptga by out-%f-plane, or interlaminar stresses (o__, 04,/
and o,_,). In practice, data from coupon specimens is off&n ulgd
to ob%gin parameters in semi~empirical formulae to predict the
behavior of composite laminates. The applicability of these
criteria and the data used in obtaining their parameters must be
establigshed and must be compatible. That is to say that
criteria which are formulated for in-plane phenomena can only be
applied to in-plane phenomena and can only be correlated with
data which is due to in-plane phenomena. The same is true for
out-of-plane formulations.

The best example of this is failure criteria for
composites. A number of semi-empirical formulae have been
devised to correlate the failure of composite materials in both
the notched and unnotched condition. These, however, generally
deal only with in-plane failure. Thus, in using experimental
data to determine the parameters in the equations, it |is
essential that data be used only from specimens which failed via
an in-plane mechanism. 1If this is not done, a valid correlation
cannot be attained.

A quick perusal of the literature indicates that generally
the failure mode is not taken into account when applying typical
failure criteria. A possible explanation is that there are no
easy techniques to determine the failure mode of a typical
failed laboratory specimen in a postmortem inspection. It is
thus necessary to develop such abilities so that failures can be
quickly and correctly classified.

In this paper, the failure of typical composite specimens
via delamination 1is discussed and compared to in-plane failure
of similar specimens. The possible downfalls of not properly
classifying failure modes are pointed out and discussed and
several "rules of thumb" are offered in an effort to establish
an easy method to perform postmortem determination of composite
failure modes. These rules of thumb have been developed over
the years from the experience gained in the Technology
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Laboratory for Advanced Composites ‘at the Massachusetts
Institute of Technology.

2. MOTIVATION

The establishment of such semi-empirical failure criteria
are important not only in laboratory research but in the design
process for composite structures. Laboratory scale specimens
(e.qg. coupons) are generally tested in large quantities to
characterize the behavior of composite materials and various
stacking sequences. This data is then used in the various
failure criteria to set the parameters. The criteria are then
extrapolated to obtain predictions for larger component
behavior. It is essential, as noted previously, that only
specimens which fail in a mode consistent with the pertinent
failure <criterion be wused in establishing the applicable
parameters. Errors at the coupon 1level will result in
extrapolation errors and possible improper design.
Investigators thus need simple and quick techniques to classify
specimen failures as either in-plane or out-of-plane.

3. EXAMPLES OF FAILURES VIA DELAMINATION

The discussion herein is centered upon whether the failure
of a composite is promoted by in-plane or out-of-plane effects
when the composite 1is loaded by in-plane forces. There is no
doubt that there 1is interaction between in-plane failure
mechanisms and out-of-plane failure mechanisms, but as a first
approach, it is proposed that these two modes can be separated.
It is thus proposed that there is a "competition" between
in-plane and out-of-plane mechanisms to cause failure. The
first mechanism which becomes critical will prompt failure.

It is important to note that it is the cause of the
initiation of failure that is of interest. As will be discussed
later, out-of-plane failure cannot cause final failure of a
typical coupon specimen, that is breaking the specimen into two
pieces. In-plane mechanisms must ultimately cause fiber and
matrix failure in the plane of loading for this to occur. Thus,
in-plane and out-of-plane failure refer to the mechanism which
prompted failure. 1In the context of this working definition, it
would appear that the assumption that these two modes are
independent is a good one.

Delaminations occur wunder a wide variety of conditions and
situations in composite laminates. Three specific areas are
discussed here which illustrate the basic phenomena and the
difference between in-plane and out-of-plane failure.
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3.1 Unnotched Tensile Failure

The typical coupon specimen shown in Figure 1, or some
variation of that basic form, is generally used in conducting
tensile tests, It is data from such experiments which are used
to obtain parameters for in-plane failure criteria or to assess
the upplicability of these failure criteria once the parameters
are established.

A  typical in-plane failure criterion is the stress
interaction criterion (in the quadratic form) proposed by Tsai
and Wu [6]:

2 2
F1111%11 * 2F1122911%2 * F2222922

2
+ 4F1592913  + F1037 + Fpp0p5 = 1 (1)

The strength parameters, F , are determined by experimentally
measuring the basic ultiﬁgg; strength values. The interaction
term, F, , can be set either by experimentally measuring
biaxial lAffength or by using the method which likens this term
to that in a von Mises formulation [7].
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Figure 1. Tensile coupon

specimen. Figure 2. Uniaxial tensile
failure stresses of [+9]
graphite/epoxy laminates
along with in-plane and
out~of-plane failure
predictions.
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Previous authors [3,4] have shown that in many cases the
measured unnotched tensile strengths of multidirectional
laminates fall short of the predicted values. There are a
number of possible explanations for this including improper
testing and inappropriateness of the failure criterion. The
more likely explanation is that the specimens which had a
failure strength below the predicted values failed via a
delamination mechanism. This is illustrated in Figure 2 where
the failure stresses of [ie]s laminates (made of Hercules
AS1/3501-6 graphite/epoxy) [8]° loaded in uniaxial tension are
plotted along with the Tsai-Wu prediction (based on first ply
failure). For a value of 6 1less than 30°, the experimental
values fall below the predicted values (except, of course, for ©
equal to 0°),

Close examination of the failure modes of these laminates
indicate that this is due to the fact that failure is originated
by delamination. An edge view of a [+15] specimen after
failure, shown on the left hand side of Figure §, indicates that
there was delamination at failure. Work by Brewer [9] in
determining when damage initiates shows that delamination
initiates in this case as can be seen on the edge replication of
a [+15]_ specimen shown on the right hand side of Figure 3. The
edge rgplication technique [10] is used to highlight the
delamination. If a delamination initiation criterion [9] is
used, the failure stresses for the laminates which delaminate (®©
less than 30°) fall right along this prediction as can be seen
in Figure 2.

Figure 3. Photographs of (left) edge of failed [+15)
graphite/epoxy specimen showing extensive delamination; an
(right) edge replication of a similar [+15] specimen
showing initiation of delamination (the white line) before
final failure.
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A further proof of the fact that the difference in the data
is due to the competition between in-plane and out-of-plane
failure mechanisms is indicated by the data shown as a solid
circle in Figure 2 This is the data for several [+15)])
specimens [11] which have a layer of FM-300 f£ilm adhesivé
(manufactured by American Cyanamid) at the interface between
plies of different ply angles. It has been shown [12] that such
a layer has the potential of preventing delamination. The
results of these experiments indeed show that delamination does
not occur and that the failure stress is brought up to, and in
fact slightly above, the prediction via the Tsai-Wu criterion.

These results indicate that for these cases, it is
essential to classify the failure as due to in-plane or
out-of-plane mechanisms or improper conclusions concerning
failure criteria would be made.

3.2 Notched Tensile Fracture

A large amount of work has been conducted on the notched
tensile fracture of composite laminates [e.g. 13,14]). Much of
this work, and the proposed correlations/criteria, are
summarized by Awerbuch [15]. The common point linking all these
notched failure criteria are that they deal only with in-plane
mechanisms. In many cases, the proposed criteria do an
excellent 3job in correlating the data as can be seen in Figure
4. This data was obtained on typical tensile coupons, as shown
in Figure 1, made of AS1/3501-6 graphite/epoxy (16] and the two
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correlations used are those proposed by Whitney and Nuismer [17]
and by Mar and Lin [18].

Much of the data which has been obtained over the years is
well-correlated by these various criteria [15). However, there
are many instances where the correlations apparently do not
work. One such case is illustrated in Figure 5, again taken
from Reference 16, where the failure data for notched (0/90,]
coupons do not fall along the correlations from either €h§
Whitney-Nuismer or the Mar-Lin formulation. Many authors, upon
seeing such data, have concluded that the proposed correlations
are incorrect or that the parameters in the correlation have to
be adjusted to fit the data.

A closer 1look at the failure of the [0/902] specimens
reveals that there is no problem with the proposed c8rrelations
but that some of the specimens fail by an out-of-plane mechanism
and thus cannot be correlated with an in-plane criterion.
Closeup side views of two [(0/90,]_ specimens, one with a 3.175
mm diameter hole, the other wi%hsa 12,7 mm diameter hole, are
shown in Figure 6. It can clearly be seen that the specimen
with the smaller hole fails via extensive delamination whereas
virtually no delamination is seen for the specimen with the 12.7
mm diameter hole. This can be explained by looking at the
failure as a competition between the two modes: in-plane and
out-of-plane. For small holes for this particular laminate, the
interlaminar stresses become more critical and cause
out-of-plane failure. For larger hole sizes, the in-plane notch

sensitivity becomes more critical and an in-plane failure
mechanism results.

[0/90,] [0790,]

3.175 mm hole 12.7 mm hole

i

Figure 6. Closeup side views of failed {0/90,]
graphite/epoxy specimens: (left) with a 3.175 mm diame%ef

hole showing delamination; and (right) yith a 12.7 mm
diameter hole showing no delamination (Reference 16).
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This is better illustrated in Figure 7 where the [0/90 ]s
notched tensile failure data is replotted on a log-log scale;
This is done to better illustrate the "competition" aspect of
the failure process using the Mar-Lin equation which is of the
form:

op = ac(zr)“’“ (2)

where H_ is known as the composite fracture parameter and m is a
paramete? determined from fiber and matrix properties. Due to
the form of the equation, it is very convenient to use a log-log
plot which corresponds to the following form of the equation:

log o = log H, - m log 2r (3)

1. this case, a linear regression can be used on the data points
and both parameters, m and H_, can be determined from the data.
In Figure 7, the data has beeff fit using equation (3) first with
all four points and then with only the two points which showed
failure via in~plane mechanisms. There is a significant
difference in the parameters obtained. 1In the case where the
data from the out-of-plane failures 1is excluded, a linear
regression yields a value of 0.28 for m which is equal to the
theoretical value obtained for the model [16].

5 1000 5[0/20,]
Q. - 2ls o
a u
E:_ 800 us1ng wo ?Oln:sIN’PLANE E 800 [0/90213
5 FRACTURE 7]
{h 600F /‘/\\ W g0k
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— e m [
g;" - /—‘i' %\'R b—) . /Parometers.based on
o DELANINATON oo 0,0)) data points
w 400+ is1ng all g 400 $0000000000000000000000d
@ four points )
= ~
- L (&} Parameters based on
a g 200+ 2in-plane data points
T w
200 L bt L L . ) A ; L
2 4 6 8 10 12 14 ) 20 &0 80 50
HOLE DIAMETER, 2r [mm] HOLE DIAMETER, mm
Figure 7. Log-log plot of .
[0/90 ] notched tensile Flgure 8. Extrapolated

predictions for tensile
notched failure stress of
[0/90 ]s laminates using
Mar-Lin"parameters from
Figure 7.

failure " stresses as
compared to Mar-Lin
correlation using two and
all four data points
(Reference 16).

The error which can result by not considering the type of
failure and blindly using failure data to obtain values for the
parameters in a correlation is illustrated in Figure 8., The
parameters determined from the linear regression on all the data
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and then on only the data from in-plane failure is used to
predict failure for larger holes than that wused in the
experimental program. It can clearly be seen that there is a
difference between the two curves even in the interpolated
region (for hole diameters 1less than 12.5 mm), but that the
difference becomes quite significant as that correlation is
extrapolated. If all the data is used for the extrapolation,
the predicted failure stress at a hole diameter of 100 mm is
nearly 50% greater than that using only the in-plane failure
data to determine the parameters. This would result in a
severely nonconservative design. -

This ‘example clearly illustrates the necessity to classify
notched failures as due to in-plane or out-of~plane sources and
the problems which may arise when extrapolating in-plane failure

correlations when using data which includes out-of-plane
failures.

3.3 Compressive Failure

Most of the work to date has concentrated on delamination
under tensile loads. Recently, however, delamination in
composites under compressive loads has bcome of interest. This
is due to the phenomenon known as ply or sublaminate buckling
which occurs locally when there is a delamination in a
composite. This is of special significance in impact related
problems where delamination is caused by the impact event and
the specimen is later subjected to compressive loads. However,
this phenomenon can also occur i1n seemingly undamaged specimens
[19].

A laminz:e can be thought of as a number of plates
(individual p.ies) each on an elastic foundation (the matrix
material between plies). Each plate can then buckle on this
elastic foundation. This buckling is promoted by any defect
from the manufacturing process. Thus, failure of an unnotched
compressive specimen may result from out-of-plane mechanisms
even if the failure does not originate from a free edge or a
macroflaw. .

Experiments were conducted by Vizzini and Lagace [19] on
cylindrical specimens of graphite/epoxy illustrated in Figure
9. The laminates tested were of the [+6/0] and [0/+96]
configur tions. The failure data for the [0/i9§ laminates ig
shown in Figure 10, The data falls well hel8w theoretical
predictions of in-plane failure, via the Tsai-Wu criterion, and
of shell buckling. Close examination of the specimens showed
that the outer ply, in this case the 0° ply, was delaminated and
buckled away prior to final failure. A failure of this type is
shown in Figure 11 which is a picture of a [0/+60]_ specimen
after failure. The specimen pictured there is an axial sandwich
column, but it exhibits the same failure mode as the cylinder
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Figure 9. Cylinder specimen
for uniaxial compressive

tests (Reference 19). Figure 10. Compressive
failure stresses for
[0/+48]_ graphite/epoxy
cylindgrs and several
predictions.

specimen of the same laminate. The failure mode can be seen
more clearly in the sandwich specimen. This out-of-plane
failure mechanism reduces the total load-carrying capability of
the cylinder. When this is taken into account (by assuming the
buckled ply cannot carry load), a feasible region for failure,
shown as the shaded region in Figure 10, results. The
experimental data falls within this feasible region.

Once again, this example illustrates the importance of
classifying the failure mechanism. The experimental data falls
well below the in-plane prediction. Failure to properly observe
the out-of-plane failure mode may result in erroneous
conclusions concerning the applicability of in-plane failure
criteria to compressive failure of composite materials.
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Figure 11. Photograph of failure mode of [0/+60]
graphite/epoxy laminate subjected to wuniaxial compressivg
load illustrating ply buckling.

4. POSTMORTEM MACROSCOPIC EVALUATION GUIDELINES

At first glance it would seem obvious how to proceed in
characterizing the failure mechanism as in-plane or out-of-plane
via a macroscopic evaluation of the postmortem failure: simply
observe whether or not significant delamination has occurred.
If it has then the mechanism was out-of-plane; if not, then the
mechanism was in-plane. Such a simple approach, although
attractive, is not wvalid since it is necessary to identify the
mechanism by which failure originates. buring the fracture
process, the stored energy in the specimen must be released.
"Secondary" failure modes often occur to release this energy.
Thus, delamination may occur after in-plane mechanisms have
prompted failure and vice versa. In fact, as previously
discussed, it 1is necessary that some in-plane modes eventually
occur in order for a coupon specimen to end up in two pieces
even if delamination was the primary failure mechanism. It thus
becomes a problem in terms of <classifying "primary" versus
"secondary" failure. The following example illustrates this
problem,
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Uniaxial tensile failure of a (+45/0/-45]_ graphite/epoxy
laminate is compared between tests conducted in 1981 [5] and
those recently conducted [20]. The conditions are identical
except the earlier tests were conducted on AS1/3501-6 while the
later tests were conducted on AS4/3501-6. (It should be noted
that the former tests were conducted on coupons which are 50 mm
in width and the 1latter on coupons which are 70 mm in width.
However, this has no effect on the fracture mechanism.) Typical
failures of the two types are shown in Figure 12. The
AS1/3501-6 material shows a relatively clean fracture area while
the AS4/3501-6 material exhibits significant fiber bridging at
the main fracture area. In both cases, however, the ultimate
failure strength is virtually the same (approximately 750 MPa).

The actual mode which causes failure in both cases is
splitting in the matrix of the 45° plies via shear. The two
modes look very different due to the secondary occurrences after

AS1/3501-6
AS4/3501-6

\ [+45/0/-45]S

, :
N S

Figure 12. Photographs of wuniaxial tensile failure modes of
unnotched [+45/0/-45] graphite epoxy laminates made from
(left} ASs1/3501-6; and (right) AS4/3501-6.
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failure originates. The AS1 fibers have a mean ultimate tensile
strain of 1.2% while the AS4 fibers fail at 1.4%. This
difference in ultimate strain is enough to keep the fibers in
the 45° plies from failing in the AS4/3501-6 [+45/0/-45]
laminate while these same fibers fail 1in the ASl/BSOl-g
material. Thus, despite their very different final appearence,
the basic mode which originates failure is the same.

The £five rules of thumb, which are presented, are geared
towards aiding in this problem of classifying in-plane versus
out-of-plane modes as the primary mechanism in originating
failure.

RULE OF THUMB #l: Propagation of "primary" delamination is from
a likely 1initiation site while "secondary" delamination
propagates away from the main fracture area.

Both experimental experience and analytical techniques
(i.e. calculation of interlaminar stresses and application of
out-of-plane failure critria) can be used to identify areas
where out-of-plane failure is likely to occur. Locations such
as free edges, including holes, ply drops, and bonded or bolted
joints, are likely places for delamination to occur. This can
be summarized by saying that interlaminar stresses arise, and

Y

[+45/0/-—45]S
3.175 mm hole

-

Figure 13. Photographs of wuniaxial tensile failure modes of
graphite/epoxy specimens: (left) unnotched [¢155] ; and
(right) notched [+45/0/-45]_. s
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thus delamination is a possiblity, in any gradient stress fields
in composites. Additionally, an understanding of the factors
which affect delamination is necessary. If delamination then
occurs in such a 1likely place, it is probably the cause of
failure. In contrast, if delamination occurs in some other
place, for example, lesading away from the fracture surface, it
is probably due to "secondary" effects.

This is ' illustrated in Figure 13 where two failed
graphite/epoxy specimens are pictured. The left hand specimen
is an unnotched [+15.]) specimen which shows delamination
leading away from the f?eg edge, a likely place for delamination
to originate. The other specimen 1is a [+45/0/-45]s specimen
with a hole. In this case the delamination, which"is rather
extensive, propagates away from the failure area. Close
examination reveals that it does not originate at the hole but
is a result of in-plane failure which leads away from the hole
and is thus a "secondary" mechanism,

There is one qualification which must be made for this
rule, Under compressive loading, delamination may result
anywhere due to 1local defects prompting a ply/sublaminate
buckling. Greater care must thus be exercised in looking at
compressive specimens.

Figure 14. Photograph of a [#15) graphite/epoxy laminate
loaded under wuniaxial tension, Sut not to failure, showing
initiation of delamination.
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RULE OF THUMB #2: "Primary" delamination initiates before final
failure and affects the macroscopic stress-strain behavior.

As has been stated, delamination cannot cause final failure
in terms of a specimen breaking into two or more pieces. Thus,
in-plane failure will always be present in a postmortem
examination. Generally, delaminetion is not catastrophic in
that it initiates before the finai failure. This can be seen in
Figure 14 where a [+15] specimen has been tested beyond
delamination initiation but before final failure. The
delamination can be seen since the label identifying the
specimen has been placed between the plies.,

In the laboratory, a technique known as edge replication
[10] can be wused to obtain images of specimen edges before
failure and these can be examined under a microscope to see if
delamination occurred. An example of such was shown in Figure
3. It is not always possible to perform an edge replication.
There are other signs which indicate that delamination has
initiated, however. Generally, the stress-strain behavior is
affected since delamination causes a compliance change. The
stress-strain plot of a [+15/0])_ specimen [5] is shown in Figure
15, A sharp drop in compliance”is seen before final failure via
a drop in stress without any change in the strain., It is
important to differentiate this from the discontinuities in the
stress-strain curve caused by transverse cracking as shown in
Figure 16 [16]. In this case, the 90° plies in the (90,/0]
laminates begin to crack and this causes jumps in the stra%n o
a specimen for constant load. It should also be noted that
these aspects will change if tests are conducted in load control
rather than stroke control.

(£15/0]
600 F 600+ s
Unnotched
500 F
g & 400}
gi«m- S
§ 300 - %
© u
¥ 500k [902/0]s E 200
6.35mm HOLE wn
100
) , ) O L L
2000 6000 10000 14000 o 2000 4000 . 60_00
LONGITUDINAL STRAIN [microstrain] LONGITUDINAL STRAIN ,microstrain
Figure 15. Stress-strain Figure 16. Stress-strain
plot for [+15/0] plot for [902/0]
graphite/epoxy sSecimen graphite/epoXy sSecimen
(Reference 5). (Reference 16).
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RULE OF THUMB #3: Calculations before tests are not foolproof
in Identifying "hot spots" for delamination. This is due to
"unknown unknowns".

All the important phenomena which contribute to composite
behavior and failure are still not understood nor is it likely
that all the phenomena have been identified. These are what are
termed "unknown unknowns", An example of such a case concerns
delanmination. Only two or three years ago the general consensus
was that delamination was caused by tensile interlaminar normal
stresses [21]. However, the case of a [0/415]) composite
laminate shows that this is not true. Such a lamin%te has only
compressive values of interlaminar normal stress at the free
edge during a uniaxial tensile load. Nevertheless, delamination
initiates at the free edge. This is due to the high values of
interlaminar shear stress in the region near the free edge.
This phenomenon was previously an "unknown unknown". Further
proof is that a [+15] graphite/epoxy laminate which has no
interlaminar normal str8ss also delaminates via interlaminar
shear stress (see Figure 3).

Therefore, although calculations and experience may guide
investigators to 1look for delamination in certain locales (as
was suggested in rule of thumb #1), the investigator must stay
openminded and question delaminations which occur in other
locations. If the failure cannot be explained by an in-plane
mechanism, then another explanation must be sought.

RULE OF THUMB #4: Failure data which represents failure
promoted by delamination generally have larger scatter than
those for in-plane failures.

This rule of thumb comes from observations of a large
amount of failure data. It can be seen, for a limited case, in
Figure 7 where the specimens with the two smaller hole sizes
have larger scatter bars than the other specimens. The former
fail via an out-of-plane mechanism and the latter by an in-plane
mechanism.

A qualitative argument can be advanced for this larger
scatter. The failure promoted by delamination originates in the
interply matrix layer. There is less control over the variables
involved in this case. The size of the interply layer varies
within a specimen by a factor as much as, or greater than, two.
This layer is also wavy. Finally, voids and inclusions can be
introduced, during the manufacturing process, in this region
which will promote delamination. Thus, there is likely to be
very large scatter for specimens which fail via delamination.
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RULE OF THUMB #5: Failure promoted by delamination always has
some "in-plane® failure mechanisms. The opposite is not always
true.

This has been referred to several times within this paper
and is merely a - statement of the fact that in order for a
specimen to break into more than one piece (so that no further
in-plane 1load can be carried), the specimen must finally come
apart in some in-plane fashion. Thus, delamination failures
will always have some in-plane failures associated with them
when a postmortem examination is undertaken. However, in-plane
failures do not need to have delamination associated with them,
Thus, if no signs of delamination are present, the failure mode
is definitely in-plane. However, there will be no instances
upon inspecting a fully failed specimen where only delamination
will be detected.

SUMMARY

It has been demonstrated that it is necessary to classify
failure as due to either an in-plane or an out-of-plane mode,
especially when wusing experimental results for correlative
equations which will later be used in design. The suppositions
that failure can be regarded as a competition between in-plane
and out-of-plane mechanisms and that the two mechanisms are
separable in terms of failure origin are important and must be
remembered when failure criteria are wused. In-plane failure
correlations can only be used with data from specimens which
fail in an in-plane manner while out-of-plane correlations can
only be wused with data from specimens where failure originates
from an out-of-plane mechanism.

The rules of thumb, which have been offered as guidelines,
can be wused to quickly inspect specimens after failure on a
macroscopic basis. These techniques can never substitute for
the more intricate and typical methods wusing optical and
electron microscopy, but are essential when a large number of
specimens are involved. Such techniques should go hand in hand
with the more intricate techniques which can be used to verify
the conclusions reached via close examination of a few specimens
from a large batch.

No matter what the application, however, the art of
identifying failure by delamination is essential.
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Abgtract

The damage associated with the impact of quasi-isotropic epoxy-matrix
carbon fiber composites was studied by sectioning through the impact area
and photographing the polished sections. Composites with a SOTA low
fracture energy matrix resin (Hercules 3501-6) and a new high fracture
energy resin (Hercules X8551) were compared. Damage in the low toughness
matrix laminate was characterized by a network of interlaminar and
transverse cracking that extended some distance beyond the center of
impact. A similar network of transverse and interlaminar cracking
developed in the impacted tough matrix laminate but was largely confined to
@ region immediately below the impact center. This difference in the
volume of impact damage could be easily attributed to the high interlaminar
fracture energy of the X855l resin compared to the 3501-6 resin.

The type and distribution of impact damage are discussed in terms of
energy dissipative mechsnisms and the stress patterns that develop during
impact due to mechanical deflection and stress wave interaction. Also, the
results of the sectioning study are compared with damage assessment by
ultrasonic back-scattering.




Introduction

Much of the evidence of a loss in strength of organic-matrix, carbon
fiber composites due to relatively low impact forces is the result of work
by Starnes, Rhodes, Williams and others (1) at the Langley Research Center
(NASA). They demonstrated that the compressive and tensile strength of
carbon fiber reinforced laminates are seriously reduced by impact damage.
In some instances the compressive strength was reduced by 50% or more after
impact by metal projectiles at low energy levels (20-45N) that produced no
visible external damage. They also demonstrated that by increasing the
matrix resin fracture energy the effect of impact loading was significantly
reduced.

The loss in laminate mechanical properties due to impact damage has
since been confirmed by a number of workers (2,3,4). Efforts to improve the
"damage tolerance" of composites have been directed primarily at developing
high fracture energy resins with a minimum trade-off in other resin
controlled laminate properties. Other approaches have included variations
in fiber orientation and structural design, e.g., stringers or ribs to
restrict the growth of delaminations.

Various methods have been devigsed to determine the effect of impact on
laminate strength. In the development of tough resins, where it is
necessary to screen numerous formulations, relatively small panels or
coupons are fabricated with specific multidirectional fiber orientations,
impacted over a short range of energies, and tested for residual strength.
This procedure has been very useful in developing damage tolerant matrix
resins and in evaluating the effect of different fibers. It is
problematical as to how this data translates into the response of larger
structures to impact loads.

In the work described here, small (10cm X 15cm X 0.5cm) plates were
impacted and then sectioned through the damage zone and the sectionms
examined using reflected light microscopy to determine the type and extent
of damage. Two matrix resins were used, Hercules 3501-6 and Hercules X8551,
where the latter has an 8X higher fracture energy and a post impact
compressive strength 2X greater at 109N impact load than the 3501-6. The
study revealed major differences in the extent, type and location of the
damage for the two matrix materials.

Experimental

Panels of Hercules 3501-6/IM7XG and Hercules X8551/IM7XG were fabricated
into 4in. (10.2cm) X 6in. (15.2cm) and 32 ply (0.5cm) panels. The fiber
orientation was (+45/90/-45/0)45. The pertinent properties of the resins,
including cure conditions, are given in Table I. The pertinent fiber
properties are given in Table II.




The plates were impacted using an ETI 630 impact drop tower test system
at an impact load of 24.6 ft-lbs (109N). The impactor was a 0.625in.
(1.59cm) diameter steel ball. The plate was held against an open frame as
shown in Figure 1. Note that tiis arrangement allows some limited flexure
of the plate and also that the unsupported backside constitutes a low
impedance stress wave boundary.

A set of six plates were cut from a 1l4in. (35.6cm) X 1l4in. (35.6cm)
panel. All plates except one were impacted and then tested for residual
compressive strength (post impact compressive strength, PIC, Table I). The
plate that had not been compression tested was examined by an acoustic
backscatter teclnique (5) originally described by Bar-Cohen and Crane (6) to
locate the region of greatest internal damage. A schemstic of the '
experimental arrangement is shown in Figure 2. The transducer, which serves
as both transmitter and receiver, is positioned at a small angle (y = 11°)
from the normal to the plate front surface and at a selected azimuthal angle
B. Positioning the transducer at a small angle off normal incidence
directs the strong front and back surface reflections away from the
backscattered signal. The backscattered signals have a maximum amplitude
when B is such that fibers or discontinuities (i.e. broken fibers, cracks,
etc.) are normal to the incident ultrasonic beam. Backscatter C-scans were
performed at several azimuthal angles (B = 0°, + 45°, and 90°) on the
impacted plates to produce two-dimensional maps of the damaged area.

For both the 3501-6 and the X8551 matrix materials the damage area was
largely contained within a 2in. X 2in. (5.1cn X 5.1lcm) area centered on the
point of impact which could be readily seen on the plates. The plates were
then cut and sectioned as shown in Figure 3. It was subsequently found from
the sectioning study that the damage in the 3501-6 plate extended well
beyond the 2in. X 2in. area. The square around the damage zone was cut with
a diamond cut-off saw (Micromech Precision Slicing and Dicing Machine, Model
WMSA 1018, Micromech Mfg. Co.). A cut was then made through the center of
the damage zone using a diamond wafering saw (Buehler Izomet Low Speed Saw)
with a 0.015in. (0.038cm) thick blade as shown in Figure 3. One of the
halves was potted in an amine (Jeffamine 230) cured diglycidylether
Bisphenol A (Dow 332) epoxy with an amine accelerator (399, Texaco Chem.
Co.) and a fluorescein dye (0.3 wt% Dayglo Fire Orange). The sample was
covered with the liquid embedding resin, degassed at 0.25mm Hg and then
cured at ambient temperature and pressure. Excess potting resin was
polished off (sce below) to the cut laminate surface.

Slices were cut from the potted section at 0.075 in (0.190cm)
intervals. One face of each slice was polished (Buehler Economet polisher)
sequentially with No. 320, No. 400 and No. 600 SiC grit papers followed by a
6y diamond paper and wet polishing with 1y CeD paste on a velvet cloth.

The posished surfaces were examined using reflected light microscopy for
the type and extent of damage in each ply.
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Results

3501-6/IM7XG: The damage observed within the 3501-6 laminates was
dominated by delamination between plys connected by transverse cracks
through 90° and 45° plys. This network of delamination and transverse
cracking is illustrated in Figure 4. This photograph was taken from the LHS
of a laminate slice immediately below the center of impact. Although it
shows extensive damage, the major damage in this plate occurred be‘ow the
mid-plane and away from the impact center as shown in Figure S. The
isometric drawing in Figure 5 presents the outer bounds of damage in each
ply without any attempt to distinguish the type of damage. However, the
most predominate type of damage throughout all of the indicated areas was a
network of interconnecting delaminations and transverse cracks (Figure 4).
To find the outer bounds of delamination it was necessary to slice and
polish sections beyond the initial 2in. square (Figure 2).

The development of the interlaminar and transverse crack network appears
to involve the propagation of a delamination with the coincident formation
of transverse cracks which frequently, but not always, diverted the
delamination through an adjacent 45° or 90° ply; but rarely through a 0°
ply. 1In Figure 4 it is possible to find transverse cracks that terminated
without redirecting or initiating a delamination.

There was a strong tendency for the delamination to propagate in the
resin rich areas between plys but near the fiber-resin boundary as shown in
Figures 6 and 7. It is reasonable that residual stresses in the resin near
the fibers provided a low energy path for propagation. 1Indeed, in
propagating along this boundary the delamination in Figure 7 was almost
diverted into a transverse crack.

It was not always clear what caused a delamination to divert into a
transverse crack. Sometimes a resin rich pocket (as in Figure 7) could be
identified with crack redirection. From a fracture energy point of view,
opening mode (4?1) for transverse cracking is greater than for
delamination based on laminate tests (7). However, the difference is small
and could easily be reversed by local variations in fiber volume, resin
heterogeneities, etc. Moreover, these considerations are complicated by the
effects of reflected stress waves and plate deflections as discussed below.

Although the delamination tended to propagate along fiber-resin
boundaries the associated deformation did extend into the interply resin as
shown in Figure 8. 1In these photomicrographs there are tear markings in the
resin reminiscent of the hackle or chevron markings reported in fractography
studies of carbon fiber composite delaminations (8,9).

X8551/IM7X: The characteristic damage of the X8551 matrix laminate
included transverse cracking, delamination and fiber breakage. These
features are shown in the photomicrographs in Figures 9A and 9B taken from a
section just below the point of impact (Figure 9A is the LHS and Figure 9B
is the RHS of the impact center line). The top surface indentation had a




diameter of about 0.5 in (1.3cm) compared to 0.08 in (0.2cm) for 3501-6.
Moreover, there was plastic deformation of the top ply of the X8551 matrix
laminate. At the top of Figures 9A and 9B the 45° ply disappears near the
center of the impact zone. Visual inspection of the impact area indicated
the material had been radially moved from the impact, "epicenter."

The internal damage was dominated by transverse cracking with limited
delamination (Figure 10). 1In many instances the transverse crack propagated
through adjacent plys including fiber fracture of 0° fibers (Figure 11).
Note in Figure 11 that fiber breakage in the 0° ply included some intra-ply
delamination. Also, fracture through a 0° ply often involved wide
delaminations above and below the ply fracture which terminated a short
distance from the break.

The most striking characteristic of the X8551/IM7XG laminate was .that
the extent of damage was much reduced compared to the 3501-6 matrix
laminate. This difference is easily seen by comparing Figure 6 and Figure
12, and also in the plot of iampact areas in Figure 13. These charts
indicate that the lateral extent of damage in the 3501-6 laminate was 2-3X
greater than in the X8551 material. Most of the damage in the latter near
the center of impact was transverse cracking. However, the propagation of
damage away from the center shown in Figures 12 and 13 was primarily
delamination.

Occasionally, an air void was observed in a cut section. There was no
evidence that damage initiated from these voids. In fact, Figure 14 shows
that the void had no influence on delamination propagation.

Ultrasonic Backscattering: Microsectioning, polishirg and
microscopy is a destructive and very laborious method of determining impact
damage. However, there are no nondestructive methods of characterizing this
damage in as much detail as can be obtained by sectioning. An acoustic
backscattering technique (5,6) is capable of determining variations in the
extent of damage within a laminate both indepth and radially from the impact
center. This technique for producing backscatter C-scans is being developed
at Hercules (5) and was used here to supplement the sectioning study and to
indicate directions to improve the acoustic technique to better characterize
internal damage.

The C-scan results are presented in two formats in Figures 15 and 16 for
the 3501-6 matrix laminate and the X8551 laminate respectively. The shaded
dot-patterns indicate the damage within the 2in. (5.1lcm) square area denoted
in Figure 2. The shading intensity is proportional to the amount of total
damage through the laminate thickness. The shaded maps were replotted as
three-dimensional maps of backscatter energy as shown in Figures 15 and 16.
The cut made through the 2in. square is indicated on the 3-dimensional plots
and sections were sliced from the back portion of the cut.

The C-scan plots indicate a number of features also revealed by

microsectioning. The much larger diameter of damaged area in the 3501-6
matrix laminate compared to the X8551 matrix laminate is evident in
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comparing Figures 15 and 16. The damage was most severe directly under the
point of impact for the X8551 resin. The damage was more widely spread for
the 3501-6 resin laminate. The maximum damage on the 3501-6 matrix plate is
slightly off-center in Figure 15 suggesting the impact load was not
precisely normal to the plane of the laminate. Microsectioning confirmed
that the damage through the laminate was not symmetrically distributed.
Figure 15 indicates that all of the damage in the 3501-6 matrix laminate did
not radiate from the impact center. Areas of damage, some of which extended
beyond the 2in. square area, developed without any apparent initiation from
the region of maximum damage. Similar isolated damage areas can be found on
the map (Figure 5) developed from the sectioning study. 1In some instances
these isolated damage areas resulted from delamination being redirected by
transverse cracking which went undetected by the C-scan. Nonetheless,
compared to conventional (normal incidence) C-scan the backscatter technique
used here is more sensitive and yields significantly more information about
damage distribution.

The principle deficiency of the backscatter C-scan technique in its
present state of development is that the signal gives a summation of damage
through the laminate thickness. Work is in progress here to process this
signal for changes in intensity as a function of penetration depth.

Discussion

Impact damage in the 3501-6 matrix laminate was dominated by
delamination and transverse cracking that extended well beyond the center of
impact; out to ~4cm (1.7in.). 1In sharp contrast, the X8551 damage was
dominated by transverse cracking, local delamination and fiber breakage
within 1.8cm (0.7in.) of the impact center. These differences are
attributed to the higher fracture energy of the X8551 resin compared to the
3501-6 resin (Table I).

The damage in the 3501-6 laminate was characterized by a network of
interconnecting delaminations and transverse cracks. It appears that this
network forms by the growth of delaminations away from the impact center
that are redirected into transverse cracks due to local conditions that
cause transverse propagation to be energetically favored. Rarely did a
transverse crack continue into the next ply. To do so would require a
reorientation of the crack front; e.g., from a path parallel to the 45°
fibers to a path parallel to 90° fibers, which would require more energy
than to initiate a new delamination. In some cases the delamination
branched into a transverse direction rather than being totally diverted.
This branching may occur when the delamination growth rate exceeds the
materials capacity to dissipate strain energy, i.e., Yoffe Effect (10).

Interlaminar cracking was further favored by an apparent low energy path
along the boundary between the fibers and resin. Presumably, residual
thermal stresses near the fibers reduces the local fracture energy below
that of the resin itself.




In the higher fracture energy X8551 laminate the bulk of the damage was
concentrated near the impact center. This damage, like that in 3501-6, was
predominately a network of interconnecting delaminations and transverse
cracks. However, the high resin toughness prevented the propagation of the
delaminations away from the impact center. Instead, the impact energy was
consumed by cross-ply transverse cracking which, as already mentioned
requires a reorientation, or twisting of the crack front. This
reorientation of the crack is a high energy process and reflects the high
level of strain energy available which, because of the resin toughness,
cannct be dissipated by delamination.

The high energy density near the center of impact also caused fiber
breakage and cracking through the 0° plys in the X8551 matrix laminate. It
is not obvious why fiber fracture, which generally involves fracture
energies 2-3X greater than interlaminar fracture (11,12) should be favored
over delamination. Fiber breakage was usually accompanied by local
interply separation (Figure 11) which suggests some competition between
fiber fracture and interlaminar fracture.

These rationalizations of .impact damagz in terms of quasi-static
fracture energies (primarily,’y.) are compelling in their simplicity but
must be tempered by the actual complexity of impact dynsmics. One obvious
reservation is that by sectioning in only one plane--parallel to the plys
designated as 0° in the lay-up sequence--we are presuming that damage is
symmetrical about the point of impact and that a similar damage pattern
would be observed at any other sectioning angle. Where damage is primarily
delamination and transverse cracking tnhe mapping of damage areas from
successive sectioning in one plane (Figures 5 and 12) is probably
representative of radial damage. However, narrow delaminations within 0°
plys would be difficult to detect. Also, transverse cracks parallel to the
cutting direction would be missed. The latter could be important in the
case of the X8551 matrix laminate.

The dynamic stresses that develop during impact are complex, especially
in an organic matrix composite. Greszczuk (13,14) has reviewed thisg
subject and analyzed the compressive stress (Z, 0, r,) and shear stresses
(1pz) as defined in Figure 17. We would not expect the compressive
stresses to induce the type of damage observed here (except as reflected
normal stresses discussed later). On the other hand, shear stress, as
shown in Figure 17 taken from reference 13, could easily induce transverse
cracking. Note in Figure 17 that the maximum shear stresses are displaced
below and away from the impact center; at about r/a = 1.0 and Z/a = 0.4
where "a" is the radius of the area of contact. Inspection of Figure ¢ and
Figures 9A and 9B suggests a concentration of transverse damage below the
top surface and radially displaced from the impact center. These
concentrations of damage are not displaced as far from the impact center as
predicted by the analysis. None the less, it is reasonable to assume that
crack initiation begins in this high shear stress region as transverse
cracks. Subsequent damage occurs along paths of least resistance by the
high strain energy density available for crack propagation.
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Other important features of impact dynamics are the reflected tensile
stress wave and the bending displacement of the laminate which would produce
tensile stresses (o;) below the laminate midplane. These tensile
stresses may initiate delaminations, especially in the 3501-6 matrix. 1In
Figures 5 and 12 the maximum extent of damage, primarily delamination, is
below the mid plane (ply 16). Moreover, a simple calculation of stress wave
reflections indicates a maximum tensile stress development beginning at
about ply 25. This estimate is consistent with the plots of impact damage
area for both 3501-6 and X8551 matrix laminates (Figures 5, 12 and 13).

In the absence of preexisting flaws, it seems doubtful that tensile
stress waves or bending stresses are large enough to initiate cracking.
More likely, these stresses reinforce the propagation of delamination or
transverse cracks glready formed by shear stresses. Two possible examples
are crack branching in the 3501-6 laminate and multiple ply transverse
cracking in the X8551 laminute.

It is clearly evident why the post impact compressive strength of the
3501-6 laminate is significantly lower than the X8551 system. Due to the
extensive delamination the plys are loaded independently and the laminate
literally fails like a deck of cards. A similar failure mode may occur in
the X8551 laminate but the stresses for ply buckling (and delamination
growth) would be much higher. One aspect of post impact compressive failure
brought out by this study is that in toughening the matrix to reduce
delamination there is a concentration of strain energy under the impact area
which causes fiber fracture in the 0° plys. Fiber fracture in the 0° plys
as well as multiple ply transverse cracking will seriously reduce the
laminate resistance to compressive loads.

This comparison of the different types of impact damege in high fracture
energy vs low fracture energy matrix composites suggests two important
conclusions. First, that the fiber strength becomes increasingly important
as the matrix resin toughness is increased. Second, that there may be a
limit to which PIC strength can be increased by increasing the toughness of
the matrix resin (for a given impact energy). When the matrix has a
sufficiently high fracture energy to prevent delamination, then the post
impact strength is determined by transverse cracking and fiber fracture.
There is some evidence (2) for a limit in matrix /3. above which the
increase in post impact compressive strength is minimal. The issue is
complicated by the fact that resin shear strength and mode 1 fracture energy
are not independent. It is quite possible that increasings&i beyond the
level necessary to essentially eliminate delamination would also increase
resin shear strength and improve the laminate resistance to transverse
cracking.
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Conclusions

The results of this study comparing impact damage ia a low fracture
energy matrix carbon fiber composite with the damage in a high fracture
energy matrix composite indicate that:

2. The area of damage through the entire thickness of the laminate
was much greater (4-5X) for the low fracture energy matrix resin.

b. The internal damage in the low fracture energy composite was
characterized by an extensive network of delsminations and transverse
cracks,

c. The internal damage in the high fracture energy composite was
characterized by multiple-ply transverse cracks, fiber breakage, and
localized delaminations.

d. Much of the damage characteristics can be explained in terms of
quasi-static fracture mechanics.

e. Crack initiation appears to result from shear stresgses
developed during the early stages of impact.

f. The principle effect of normal stress wave reflection and
laminate bending is the propagation of cracks already formed by shear
failure.

g. As the fracture energy of the matrix resin is increased, the
fiber strength will play an increasing role in impact damage and post
impact residual strength.

h. There may be an upper limit in matrix fracture energy beyond
which the post impact compression strength is only marginally improved
(for a given impact loading).

i. As the upper limit in matrix fracture energy is increased, the

shear strength of the resin may become the controlling factor in impact
damage.
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TABLE 1

Properties of Hercules 3501-6 and X8551 Resins

Fracture Energy (J/m2) Glass Transition Post Impact
Resgin Resin Interlaminar Temp., Tg, °C Compression, i
3501-6 95 180% 210 25
X8551 780 7140%x 178 45

Cure Schedule: Vacuum bag/autoclave, 2 hrs at 350°F (177°C)

TABLE II
Properties of Hercules IM7XG Carbon Fiber

0°® Tensile Laminate Properties

Strength (MPa) Modulus (GPa) Elongation (%) Diameter, ym
5.52 276 1.9 5.2

X Tested in AS4 fiber
X* o .ted in AS6G fiber
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Impact damage 3501-6/IM7XG
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Multiple ply transverse cracking
3501~6/IM7XG
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Propagation of a delamination at the fiber-resin boundry
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Resin tearing associated with delamination
3501-6/IM7XG
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Transverse cracking in 0° plys
8551/IM7XG
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Influence of voids on impact damage
3501-6/IM7XG
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Backscatter energy

Acoustic backscatter C-scan
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Figure 15
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Backscatter energy

Acoustic backscatter C-scan
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FRACTOGRAPHIC ANALYSIS OF INTERLAMINAR FRACTURES IN
GRAPHITE-EPOXY MATERIAL STRUCTURES

Presented by Brian W. Smith, Ray A. Grove and Thomas E. Munns

1.0 Introduction

When material failure occurs, the fracture surfaces produced generally
contain a physical record of the events and conditions leading to
fracture. The science of understanding and interpreting this physical
record, "fractography", has been a relatively well established science
since about the mid-1950's. However, modern fractographic -analyses
have only recently been applied to composite material structures. 1In
general, fractographic studies on other materials {metals and unrein-
forced polymers) have made significant impacts in a) understanding the
microscopic mechanisms of cracking and b) identifying the causes of
component failure. Of these two areas, the latter is perhaps the most
significant. Through fracture examinations, the origin, direction of
crack growth and load conditions involved in premature component
fractures can generally be identified. In many cases, the definition
of defects, damage conditions or anomalous fracture modes by such
studies may be sufficient to identify the cause of fracture. In those
cases where such causes are not apparent, understanding the sequence
of events leading to fracture on a microscopic scale is often crucial
to accurately direct streds or materials characterization analyses.
With the recent influx of graphite/epoxy materials into aircraft use,
there is a particular need to be able to examine and interpret the
fracture features of composite materials. Through an understanding of
these features, the cause(s) of premature fractures occurring either
in-service, or during component test, can be identified to provide
valuable feedback to designers and engineers,

In this investigation the microscopic characteristics of interlaminar
fractures in graphite/epoxy laminates were examined. This work was
conducted as part of an Air Force funded composites failure analysis
program (ref. 1). Long-term efforts within this Air Force program are
aimed at developing an overall post-failure analysis capability for
composite materials, In the current investigation, the principal
objectives were to develop a fractographic capability to identify 1)
the direction of crack propagation and 2) the relative load state
(shear or tension) involved in interlaminar fractures. These two
objectives were selected with the post-mortem analysis of failed com-
ponents specifically in mind. In general, experience with composite
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2.0

materials has shown delaminations to be one of the more dominant
fracture modes commonly observed, As with most material systems in
which several failure modes exist, delaminations may in csome instances
comprise the principal failure mode. In other cases delaminations may
represent secondary fractures formed due to the extremely low inte-
rlaminar toughness of most composite materials. In either case, the
ability to identify the origin, direction and load states of such
fractures is crucial to understanding their significance and in recon-
structing the sequence of events leading to failure,

In this study, these objectives were addressed by generating inter-
laminar fractures under controlled load and crack propagation condi-
tions. Two interlaminar load states were examined, pure mode 1 tension
and pure mode 2 shear. In real structures, fractures are likely to
occur by neither pure interlaminar shear or tension. However, these
two load states provide a logical framework for understanding the
characteristics of interlaminar fractures under model conditions.
Because of the interest in this study in identifying the direction of
crack growth, fracture toughness test geometries were utilized to
provide controlled initiation and crack growth conditions. The use of
such toughness coupons loaded under singular load states represents a
relatively standard approach commonly utilized in metals fractography.
However, in composite materials, the cross-ply interface and the
orientation of fibers with respect to the direction of crack propaga-
tion must also be considered. In this study, fractures were produced
between 0/0, 0/90, and +45/-45 degree ply interfaces such that the
effects of differing interfacial fiber orientations could be inves-
tigated.

Materials and Test Procedures

A wide variety of resin systems and fiber combinations exist for use
in current graphite/epoxy composite applications. However, due to the
high performance demands of aircraft structures, the number of
materials commonly used is limited to those systems which exhibit good
environmental behavior and ultimate strengths., These matrix systemns
are typically 350 F curing tetraglycidyl diaminodiphenyl methane
(TGDDM)-diaminodiphenyl sulvhone (DDS) epoxies with BF3 amine
catalysts. For the following investigation Hercules 3501-6 with AS-4
fibers was selected for examination as a material representative of
such systems, A resin content of 35% by weight on 145 grams/sq. meter
unidirectional tape was selected for examination because of its
extensive use in commercial and military aircraft structures.

In this study, delaminations were produced in which both the direction
of cracking and load state at fracture were well controlled. As
discussed previously, fractures were produced under pure mode 1
tension and pure mode 2 shear, Mode 1 tension fractures were
generated utilizing a double cantilever beam geometry, Whereas, mode
2 shear fractures were produced using an end notch flexure geometry.
Both of these specimen geometries have seen extensive use by several
investigators (ref. 2-7) in the measurement of the interlaminar tough-
ness of composite materials, Figure 1 illustrates the double




cantilever beam geometry., In this specimen, two beam halves are
formed at one end by an implanted FEP insert, Interlaminar tension
conditions are produced by deflecting these two beam halves in
opposite directions., The end notch flexural specimen geometry used to
generate mode 2 shear fractures is illustrated in Figure 2. Similar to
the DCB specimen, two beam halves are formed at one end by an
implanted FEP insert. 1In this case, conditions of interlaminar shear
are imposed at the specimen midpiane by cantilever deflection of both
beam halves in the same direction, Fracture along the desired ply
interfaces (0/0, 0/90 and +45/-45) was produced by fabricating (0)24,
(0/90)12s and (+45/-45)12s laminates. In each case the FEP insert was
located at the approximate specimen mid-plane between the cross-plies
of interest. Each laminate was cured in accordance with standard
Boeing procedures at 350F and 85 psi.

FEP crack
initiator

{

Figure 1. Double Cantilever Beam (DCB) Specimen Geometry and
Test Configuration Used to Generate
Mode 1 Delaminations

Load

cell 1.
Moveable / \
ball bearing

aX fixture

PRT— )

Q e
LLTO lower M j

loading grips

Figure 2. End Notch Flexure (ENF) Geometry and Test Configuration
Utilized to Generate Mode 2 Delaminations
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3.0

3.1

Testing was performed on a MTS servo-hydraulic load frame under
deflection controlied 1loading. For both the mode 1 and mode 2
specimen geometries, increasing cross-head speeds were required to
provide a relatively uniform rate of crack propagation. Mode 1 crack
growth generally occurred in small stable increments, while mode 2
crack growth exhibited a mixture of both rapid and slower, more stable
growth, During all of the subject tests, macroscopic crack growth was
visually observed to proceed from the implanted FEP initiator toward
the opposite specimen end along the 0 degree direction. Following
test, fracture surfaces from five specimens of each type (mode 1 and
mode 2) were examined using optical microscopy to verify that fracture
had occurred between the intended ply interfaces. Based on these pre-
liminary optical examinations, representative areas were selected for
detailed scanning electron microscopy (SEM). In order to prevent
charging, these areas were sputter coated with approximateiy 200
angstroms of gold-palladium prior to SEM examination,

Results

The following sections describe the fracture surface features charac-
teristic of delaminations generated under mode 1 tensile and mode 2
shear loading conditions. The 7irst section presented considers those
fractures generated under mode 1 tension, while the second section
presents mode 2 shear fracture features. In both sections the results
are sequentially organized based on the three different ply orienta-
tions (0/0, 0/90 and +45/-45 degrees) between which fractures were
generated.

Mode 1 Tension Fractures

Typically, interlaminar fractures in fiber reinforced composite
materials involve a <" mbination of fiber/matrix separation and
cohesive fracture of tnhe surrounding matrix matarial, The extent to
which either of these two features occur depends upon both the volume
percent of reinforcing fibers and proximity of the fracture plane to
these fibers, In this study, delaminations produced under inter-
laminar tension typically exhibited a mixture of both fiber/matrix
separation and cohesive resin fracture. In general, areas of
fiber/matrix separation were found to be relatively smooth and
featureless. For the most part, conditions of cohesive resin fracture
dominated the overall fracture surface topography. As discussed below,
such areas of fracture typically appeared flat and exhibited
pronounced river markings and resin microflow features, The
combination of these later features generally appeared unique to
interlaminar tension and was found to provide a means for identifying
the direction of fracture,

0 Degree/Q Degree Interface Fracture Surface

The fracture surface characteristic of delaminations produced under
tension between adjacent 0 degree plies are illustrated in Figures 3
and 4, As visible in Figure 3, one of the most distinctive features
of this fracture is its relatively smooth, flat, planar topography. As
illustrated at 400X, the overall fracture surface is microstructuraily
composed of areas of cohesive resin fracture, fiber/matrix separation,
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and partially buried fibers. Of these three, regions of cohesive
resin fracture constitute the predominant feature in terms of exposed
area, These areas are roughly divided into longitudinal segments by
locations of fiber/matrix separation and partially buried fibers. As
illustrated at higher wmagnification, partially buried fibers occur
when' the fracture plane intersects underlying fibers at a shallow
angle. In such cases, a generai progression from cohesive matrix frac-
ture to interfacial fiber/matrix separation occurs. In this transition
region residual resin can generally be seen adhering to the fiber
surface, However, as 1illustrated in Figure 4, once the fiber
intersects the surface the cleanly replicated impression of the AS-4
fiber becomes apparent. This condition indicates that fiber separa-
tion under interlaminar tension occurs adhesively, except where the
fiber just intersects the fracture surface. Because of this adhesive
characteristic, areas of fiber/matrix separation were generally found
to be devoid of any specific morphological features ralated to the
direction of crack propagation.

GOE-FT -0 150 #i-d
040 WE LR OEP Ch T-T-gs

—————
N AN ety Tt vt ”?

-+— Mechanically induced crack direction
Legend:
M Matrix fracture
F  Fiber matrix separation
R  River markings

Figure 3. SEM Fractographs of Mode 1 Delamination Between
Adjacent 0 Degree Plies.
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As discussed above, areas of flat resin fracture represent one of the
more dominant features of mode 1 tension delaminations. Detailed
inspection of these cohesive matrix fracture regions reveals several
distinctive morphological features. The most easily distinguishable
of these features are a series of longitudinal branching lines which
form a riverlike pattern, Figure 3 (400X and 2000X). These river
markings are analagous to the cleavage fracture features commonly
recognized in brittle metals, ceramics and polymeric materials (ref.
8). In these materials, such features have been determined to occur
as a result of the progressive joining of adjacent microscopic
fracture planes during crack growth., More specifically, each line
segment represents a local step formed when the thin 1ligament
separating these displaced planes 1is fractured during crack growth.
As presented by Griffith (ref. 9), the amount of strain energy
involved in fracture is proportional to the area of created fracture
surface and amount of material plastic deformation. As a result, a
large number of locally displaced fracture planes represents a higher
energy condition than a single continuous fracture surface.
Consequently, there is a large driving force for the number of planes
involved in fracture to decrease during fracture, In metals and other
material systems, the Jjoining up of these planes is generally
recognized to produce coalescence of each of the ligaments resulting
in a riverlike pattern. A$ a result, the direction of coalescence of
these ligaments indicates the local direction of crack growth, This
argument appears to be valid for the river markings visible in Figure
3, since the general direction of macroscopic cracking agrees well
with the average direction of river mark coalescence,

G TAOXIRG SRR B €
g S

20KV X6000 16

Figure 4, Micrograph I1lustrating Adhesive Areas of (F)
Fiber/Matrix Separation and (T) Textured Microflow
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The second distinctive feature visible in areas of cohesive matrix
fracture are microfiow lines, These microflow lines are visible at
high magnifications as a fine grained structure or texture on the
fractured resin surface, Figure 4, Detailed inspection of the overall
flow of this grained structure reveals a herringbone shaped pattern
oriented in the direction of induced crack propagation. This pattern
is similar in appearance to chevron patterns commonly encountered in
the fracture of metallic structures. The appearance of chevrons in
metals is associated with microscopic deformation in the direction of
local crack propagation, The herringbone pattern arises from the
inherent tendency of a propagating crack to take the shortest path to
a free surface. As such, chevrons tend to rotate from the direction of
overall crack growth towards adjacent cracks of free surfaces. Based
on this interpretation, the localized direction of crack propagation
can be determined by examining the direction and orientation of
herringbone shaped patterns. As illustrated in Figure 4, the induced
crack propagation direction coincides with the direction of expanding
and radiating microflow texture,

Cross-Ply Interfaces (0/90 and +45/-45) Fracture Surfaces

The fracture topography typical of delaminations produced between
cross-plied orientations under tension are illustrated in Figures 5
and 6. For both cross-ply orientations examined (0/90 and +45/-45),
matrix fracture and regions of fiber/matrix separation remained the
dominant fracture features, In general, cross-ply orientations
produced significant differences in the extent of fiber/matrix separa-
tion and size and shape of these fractured matrix areas. As
illustrated in Figure 5, fracture between 0 and 90 degree ply orienta-
tions produced considerably more exposed resin fracture than in the
adjacent 0 degree ply case discussed above. Once again, the overall
flatness of these areas appears to be characteristic of mode 1
tension. In general, examination of exposed fiber areas reveals both
partially buried fibers as well as regions of adhesive fiber/matrix
separation, As before, the degree of adhesive separation appears to
depend upon the amount of fiber exposure, with more exposure favoring
adhesive separation,

As illustrated at 400X, locations of 0 and 90 degree fiber/matrix
separation tend to divide the overall fracture surface into roughly
rectangular areas of matrix fracture. Examination of these areas
reveals both distinct river markings as well as subtle conditions of
resin microflow., In this fracture it is particularly interesting to
note that river mark branching appears to be associated with areas of
partially buried or exposed fibers. This suggests that local disrup-
tion of the plane of fracture result in crack plane divergence and
initiation of multiple crack microplanes. As visible at high
magnification, the direction of coalescence of these microplanes and
the general texture of microflow coincides with the direction of crack
propagation, These findings indicate that these features can be used
to fractographically identify the direction of crack propagation.

Fractures produced between +45 and -45 degree ply orientations
generally exhibited a rougher overall topography with larger amounts
of fiber/matrix separation than either of the two fracture conditions
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-~ Mechanically induced crack direction

discussed above, As illustrated in Figure 6, the fracture surface is
composed of longitudinally oriented rows of fan shaped matrix fracture
bounded by areas of 45 degree fiber/matrix separation. In general,
these fan shaped areas appear to be oriented with a slight tilt to the
overall fracture surface. Further detailed examination of these areas
reveals river markings associated with areas of fiber/matrix
separation as well as subtle conditions of resin microflow. As
illustrated, the direction of river mark coalescence and microflow
progression often deviates from the direction of induced crack
propagation, This condition can be attributed to local rotation of
the direction of crack propagation towards adjacent microscopic
fracture zones. These local variations average together so that the
overall direction of river mark branching and resin microflow
correspond well with the direction of induced fracture. This finding
indicates that the overall behavior of the fracture surface must be
considered when utilizing microsopic features to identify the direc-
tion of crack propagation.

Legend:
M Matrix fracture
F  Fiber matrix separation
R  River markings
T  Textured microflow

-

Figure 5. Fracture Topography Typical of Mode 1 Delamination
Between 0 and 90 Degree Plies.
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-+— Mechanically induced crack direction
Legend:
M  Matrix fracture
F  Fiber matrix separation
R  River markings
T  Textured microflow

Figure 6. Fractographs of Mode 1 Delamination Between +45 and -45
Degree Plies,

3.2 Mode 2 Shear Fractures

Interlaminar fractures produced under mode 2 shear appeared distinctly
different from delaminations produced under mode 1 tension. In both
cases, two principal zones of fracture were observed; 1) areas of
resin matrix fracture and 2) vregions of fiber/matrix separation.
However, fractures produced under interlaminar shear were found to
exhibit larger amounts of fiber/matrix separation and smaller, finely
spaced areas of cohesive matrix fracture. In contrast to mode 1, these
finely spaced areas of matrix fracture exhibited a relatively rough
topography. Detailed inspection of these areas revealed numerous
inclined platelets (hackles) of fractured epoxy oriented normal to the
direction of resolved tension. Under certain instances, tne orienta-
tion of these hackles were found to positively correlate with the
direction of induced cracking,
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0 Degree/Q Degree Interface Fracture Surface

The fracture characteristics of delaminations produced between
adjacent 0 degree plies under interlaminar shear are illustrated in
Figure 7. At low magnification (400X), the overall fracture surface
topography is noticably rougher than that typical of mode 1 tension
(see fig. 3). At this magnification, regions of fiber/matrix separa-
tion interspersed with narrow rows of cohesive resin fracture are
visible. In general, a larger degree of fiber/matrix separation
appears evident under mode 2 shear as compared to mode 1 tension.
Under mode 2, the shear couple is formed at the crack tip by
transferring flexural loads, carried by the fiber, into the inter-
laminar matrix region, As a result, increased conditions of
fiber/matrix separation appear reasonable under mode 2 conditions
inasmuch as higher interfacial stresses exist. Because of this higher
level of interfacial separation, significantly less exposed matrix
fracture is apparent under mode 2 conditions. As illustrated in
Figure 7, this condition is reflected in the existance of relatively
small zones of cohesive resin fracture confined to small narrow rows
by areas of fiber separation. In general, detailed inspection of these
areas of fiber separation revealed the 1lightly crenulated impression
of the AS-4 fiber indicating adhesive interfacial separation.

-+ Mechanically induced crack direction

Legend:
F  Fiber matrix separation
H  Hackles

R  River markings
T  Textured microflow

§HE150 2F%nr.ep  <ABD 3'i5%8s
20Ky x1@800 "IV 071 LU

Figure 7, Fracture Topography Typical of Mode II Delamination
Between Adjacent 0 Degree Plies.
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Figure 8. Microstructure of Cracks Found in Short Beam Shear
Specimen Tested at 132 C (Ref. 11) Mag. 775X,

Upon 'detailed examination, the narrow rows of cohesive resin fracture
located between areas of fiber separation, were found to exhibit
numerous inclined platelets oriented cross-wise to the 0 degree fiber
orientation. In a variety of other investigations, these platelets
have often been referred to as hackles. Other investigators (ref,
10), have suggested that hackles are a result of flexural 1loading
associated with local bending of the fracture surface just behind the
crack tip. However, the presence of hackles exclusively under
conditions of mode 2 shear, rather than mode 1, suggests interlaminar
shear as the primary load source for their formation. The overall
appearance of these hackles suggests that their formation may occur by
coalesence of numerous microcracks inclined at an angle to the plane
of applied shear, This model was Supported by the observation of S-
shaped cracks located at the midplane (highest shear loading) of short
beam shear specimens in previous Boeing studies (ref, 11) as
illustrated in Figure 8, In general, the hackles structures visible
in Figure 7, and those microcracks visible in Figure 8, were oriented
at an angles of approximately 40 to 60 degrees to the plane of applied
shear., This orientation is approximately normal to the resolved
tension component of applied shear. This finding suggests that hackle
and microcrack formations occur under locally resolved tension condi-
tions, Based on these observations, the sign of of applied inter-
laminar shear (clockwise or counterclockwise, i.e. + or -) can be
determined from examining the tiit of hackles with respect to the
plane of fracture.
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Further inspection of the fracture surface discussed above revealed
areas of scalloped, or concave shaped, resin fracture (Figure 9).
Detailed examination of the size and shape of these scalloped features
suggests that their formation results from the separation of hackles
from the fracture surface. This conclusion appears substantiated by
the existance of nearly separated hackles and the formation of under-
1ying scalloped areas as shown in Figure 9. Separation of hackles can
produce two possible relationships between hackle tilt and the
direction of crack propagation, dependent upon which side of the shear
plane hackles are retained (Figure 10). In mechanism A, separation
occurs such that hackles are retained on the side in which the direc-
tion of crack propagation coinciaes with the local shear component
direction, This first condition produces hackles tilted in the direc-
tion of crack propagation, as well as normal to the direction of
resolved tension. Conversely, in mechanism B, separation occurs such
that hackles are retained on the side in which the direction of crack
propagation opposes the 1local shear component direction. In this
later condition, the tilt of hackles oppose the direction of crack
propagation.

/B . 390 ‘m-‘rzé
GR, EFm .- ¢ COu- W& -4 -£

A

Figure 9. SEM Micrographs Illustrating Scalloped Resin Fracture
Areas and Their Development. The Upper Micrograph
I1lustrates (S) Scallops, and (R) River Markings While
The Lower Micrograph Illustrates (H) Hackle Separation
and Underlying (S) Scallop Formation.
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wtifpussmrannn
INDUCED CRACK PROPAGATION DIRECTION

MECHANISM A MECHANISM B

Figure 10. Schematic I1lustration of Possible Hackle Separation
Mechanisms. Mechanism A Illustrates Hackle Formation
Coincident With the Direction of Crack Propagation,
Whereas Mechanism B Illustrates the Formation of
Hackles Opposite to the Direction of Crack Propagation.

Inorder to identify the dominant mechanism of hackle separation, both
sides of each fracture surface were examined, As shown in Figure 11,
both sides of fracture between adjacent 0 degree plies exhibit
pronounced hackle formations. The existance of hackles on both
surfaces indicates that hackle separation occurred by both mechanisms
A and B. This finding indicates that hackle tilt is not a viable
means of fractographically determining the direction of crack
propagation for shear fractures between adjacent 0 degree plies.
While the above discussion has been concerned with the overall struc-
ture of hackles, several finer morphological features are apparent on
both hackle and scalloped areas. As illustrated in Figures 7 and 9,
both hackle and scalloped areas exhibit textured resin microfiow and
branched river markings analogous to those identified under mode 1.
For the most part, these features appear to eminate from areas of
fiber/matrix separation and rotate to align with the direction of
hackle tilting, eithe~ coincident with or opposite to the direction of
imposed crack propagation (mechanism A or B), Based on their
microscale, these features probably reflect the local direction of
crack propagation involved in hackle formation and separation. The
emination of these features from areas of fiber/matrix separation
suggests that hackle formation initiates along the fiber interface and
progresses either coincident with or opposite to the direction of
overall propagation,
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Figure 11. ITlustration of Opposing (H) Hackle Tilts on Mating
Sides of Mode 2 Delamination Between Adjacent 0 Degree
Plies

Cross-Ply Interfaces (0/90 and +45/-45) Fracture Surface

The fracture surface features characteristic of mode 2 induced shear
delaminations between 0/90 and +45/-45 degree oriented plies are
illustrated in Figures 12 through 15. Consistent with the above
findings, delaminations produced between cross-ply orientations
exhibited more fiber/matrix separation and smaller, narrower rows of
cohesive resin fracture than mode 1 delaminations. As illustrated in
Figures 12 and 14, areas of cohesive resin fracture exhibited inclined
hackles independent of the cross-ply orientation examined. In compari-
son to adjacent 0 degree plies, however, cross-plying produced some
slight alteration in the amount of exposed fiber separation and in the
size and shape of hackles. Figure 12 1illustrates the topography
typical of that produced between Q and 99 degree ply orientations. As
shown, the overall topography appears somewhat similar to the
morphology characteristic of adjacent 0 degree ply delaminations.
However, as shoan in comparing Figures 7 and 12, some slight reduction
in the size of hackles is apparent, 1In contrast, delamination between
+45/-45 ply interfaces exhibited some distinct differences in fracture
morphology. As illustrated in Figure 14, the overall fracture surface
exhibited more cohesive matrix fracture as well as larger, triangular
shaped hackle structures.
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Figure 12, Fracture Morphology of Mode 2 Delamination Between
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Figure 13. Topography of Mating Fracture Surfaces Produced Under
Mode 2 Between 0 and 90 Degree Ply Orientations. (H)
Hackle Separation Occurs by Mechanism A with Hackles
Tilted in the Direction of Crack Propagation.
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With respect to both of the above cross-ply orientations, hackles
were found tilted normal to the local direction of resolved tension.
As illustrated by examining Figures 13 and 15, these hackles were
found to occur almost exclusively on’one side of the fracture surface,
with scallops on the adjoining side. With respect to Figure 10, these
hackles are tilted coincident with the direction of crack propagation
indicating separation by mechanism A, In contrast to the adjacent 0
degree ply condition, this observation indicates that a positive cor-
relation exists between hackle tilt and the direction of crack propa-
gation for cross-ply interfacial conditions. However, further studies
need to be performed to determine if the mechanism of hackle separa-
tion is dependent upon conditions such as specimen geometry, lay-up,
and degree of mixed mode loading.
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Legend:
F  Fiber matrix separation
H  Hackles

R  River markings

Figure 14, Fractographs of Mode 2 Shear Delamination Between +45
and -45 Degree Plies.
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Mechanically induced crack direction

Figure 15. Fractographs of Mating Fracture Surfaces Produced Under
Mode 2 Between +45 and -45 Degree Plies. Coincident
with Mechanism A (H) Hackles are Retained on One Side,
Tilted in the Direction of Crack Growth.

Further inspection of both hackles and scalloped fracture areas
reveals several finer morphological features in addition to the gross
topography discussed above, As illustrated at 5000X, detailed
examination of hackles and scalloped areas revealed conditions of both
textured resin microflow as well as branched river mark faatures,
Both of these river marks and resin microflow features appear for the
most part to eminate from regions of fiber/matrix separation. In the
case of delamination between adjacent 0 degree plies discussed pre-
viously, these features were found to progress both towards and away
from the macroscopic direction of crack propagation., However, in con-
trast to this case, microflow and river markings for both cross-ply
orientations were found to progress only in the direction of crack
propagation, Because of their microscopic nature, these features
probably reflect the microsopic direction of cracking involved in
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fracture, Consequently, hackle formation between cross-ply orienta-
tions appears to occur by the initation and growth of s-shaped micro-
cracks in the direction of macrosopic crack growth. This situation
supports the interpretation of hackle separation by mechanism A (see
Figure 10).

Conclusions

In the study above, the fracture surface characteristics of delamina-
tions produced under mode 1 tension and mode 2 sheir were investigated
for a variety of interfacial ply orientations (0/0, 0/90 and +45/-45).
Conclusions of this investigation were:

1. Mode 1 tension fractures could be differentiated from mode 2
shear fractures based upon their relative fracture surface topo-
graphies, Fractures produced under mode 1 tension were charac-
terized by the existance of relatively large areas of flat
cohesive matrix fracture interspersed with areas of fiber/matrix
adhesive separation. Conversely, fractures produced under mode 2
shear exhibited relatively narrow rows of hackled resin fracture
separated by exstensive amounts of fiber/matrix separation.

2. The direction of crack propagation could be determined for mode 1
tension fractures by the examination of river markings and resin
microflow features present on flat areas of cohesive matrix
fracture, Examination of these features with respect to the
direction of imposed fracture revealed that river mark branch
coalescence and microflow progression coincide with the direction
of crack propagation in the same manner as for metallic and
polymeric materials,

3. Detailed examination of cohesive resin fracture areas generated
under mode 2 shear revealed epoxy platelets inclined approxi-
mately normal to the resolved tensile component of applied shear,
Separation of these hackles from the fracture surface was shown
to occur by one of two mechanisms, yielding hackles aligned
either coincident with (mechanism A), or opposite to (mechanism
B), the direction of crack propagation.

4, The direction of crack propagation and tilt of observed hackles
was found to correlate positively for 0/90 and +45/-45
interfacial mode 2 fractures, which occurred predominantly by
mechanism A, In this case, the tilt of observed hackles may
provide an identifiable feature by which local crack propagation
can be determined, However, further work will be required to
verify this capability.

5. Fractures produced between adjacent 0 degree plies typically
occurred by a mixture of both mechanisms A and B, Therefore, the
direction of crack propagation could not be determined via the
examination of hackle tilt orientation for this interface condi-
tion. However, further studies should be performed to determine
if the mechanism of hackle separation is dependent upon specimen
test geometry.
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6. In general, both hackles and their regions of separation
(scallops) exhibited both river markings and resin microflow
conditions similar to that noted under mode 1 fracture. These
features were found to initiate at regions of fiber/matrix
separation and progress in the direction of hackle tilt.
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ABSTRACT

Specimens of woven glass/polybenzimidazole composites were subjected to flexural.
and interlaminar shear tests. The profiles and the fracture surfaces of failed
specimens were examined using a scanning electron microscope to identify the surface
morphology and the microstructure of the composites. The findings were related to
the applied loading conditions. The dominant failure surface features were found
to be fiber breaks, fiber pull-out, fiber/matrix debonding, matrix debris, cross-
ply cracks, ply delamination and microbuckling of fibers. No indications of matrix
hackles were observed in the composites. The post failure examinations found the
crack locations in the specimens were in agreement with the flexural and shearing

stress distribution theorics.



INTRODUCTION

Advanced composites are rapidly emerging as a major material for use in next-
generation missile structure because in many areas they provide greater structural
efficiency. A serious drawback of polymers as engineering materials is their
relatively poor heat resistance and low thermal stability. Aromatic polymers are
stiffer and more resistant to deformation than their aliphatic counterparts. The
presence of aromatic rings improves thermal stability of a polymer, since aromatic
rings are thermally very stable. The application of these principles in creating
new polymers has brought remarkable improvement in heat and oxidation resistances.
Polybenzimidazole (PBI) is one of these specific polymeric materials and shows heat
resistance for a short time up to a temperature of about 600°C.

Successful application of these materials requires an improved understanding
of their failure mechanisms. At present, there is insufficient knowledge to
interpret the nature of these faijlures in glass/PBI composites through fractographic
methods. A systematic approach is necessary to develop the analytical techniques
for understanding the modes and mechanisms of the glass/PBI failures. The purpose
of this paper is to present the progress on an in-house study at MDAC-St. Louis
to obtain an understanding of the failure modes and mechanism of woven glass/PBI

composites.
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PANEL FABRICATION

The panel was composed of 16 woven prepreg plies of 52 glass fiber in a
matrix of PBI resin and was laid up in sequences of (0,90.90,0)4. In the woven
prepreg, the warp was in 0° direction and the fill was in the 90° direction; each
prepreg ply was 0.0074 inch thick. The laid up 16 ply material was placed between
heated platens of a laboratory press and loads were applied on the platens to
generate a maximum pressure of 2000 psi. The panel was cured in three holds (Figure 1).
The first hold is designed tc have resin wetout and to have a balanced resin content.
In the second hold at higher temperature and pressure, polymerization reactions take
place and off-gassing starts. In the third hold at the highest temperature and pressure,
crosslinking of the matrix material and diffusion of the volatiles are completed.
The pressure, temperature and time in the three holds were different for the curing

processes of each panel. The cured panel was 5.5 by 5 by 0.12 inch thick.
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SAMPLE PREPARATION AND TESTING

Samples for the testings were removed from the cured panels using a diamond cut-
off wheel. The dimensions of the flexure test samples and the short beam shear test
samples were 3.5 by 0.5 by 0.12 inch thick and 0.7 by 0.25 by 0.12 inch, respectively.
The samples were placed on a three-point loading system utilizing a center loading of
0.5 inch radius of loading nose, and were tested to fracture at room temperature in a
hydraulically actuated universal testing machine. The flexure test was performed in
accordance with ASTM standard D790-81 using a 2.0 inch span length and a loading rate
of 150 pounds/minute. The short beam shear test was performed in accordance with ASTM

standard D2344-76 using a 0.4 inch span length and a loading rate of 200 pounds/minute.
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EXPERIMENTAL RESULTS

Using equations specified in ASTM D790 and ASTM D2344, the maximum fiber stresses
in the flexural test and the maximum interlaminar shear stresses in the short beam
shear test were calculated for a total of 31 specimens (Table 1). The calculated stresses
for specimens in the same panel scattered in a very wide range which reflected the
variations of the curing processes for the panel. The stress-strain curves were plotted
from the incremental loads and the corresponding specimen deflections. The stress-
strain curves are essentially linear which indicates Hooke's law is applicable in this

range.
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SCANNING ELECTRON MICROSCOPE (SEM) EXAMINATION RESULTS

Fractured samples were submitted for examination using a scanning electron
microscope (SEM). The microscopes used for the analysis were a AMRAY 1000A SEM
and a Jeol JSM P15 SEM. Prior to the examination, the surfaces of the samples were
made electrically conductive by coating them with a gold fiim. The film was
approximately 3003 thick and was applied by vapor deposition in a vacuum evaporator.
SEM photomicrographs taken of five specimens from the flexural test are presented
in Figures 2 through 6.

In the compressive surfaces of the flexure tested specimens, shallow cracks in
zig-zag paths were observed in the applied load areas through the width of the
specimens and were exhibited in a light color band. Fiber microbuckling and fiber
fracture were presented in the 1ight band areas of the specimens; the majority of the
fibers in the microbuckling areas were bent and only a few fibers were broken. In
areas away from the microbuckling locations, the fibers in the specimens were still
mechanically interlocked. Cracks in individual fiber were detected in the micro-
buckling areas of Specimen 9. Adhesion between fiber and matrix was evident as
indicated by the matrix debris on the surfaces of the buckled fibers.

No cracks were cetected in the tension surfaces of the specimens.

The specimens were re-oriented in the SEM by rotating the side surfaces of the
specimens toward the electron beam of the SEM; SEM photomicrographs taken of the
side surfaces of the specimens are shown in Figures 7 through 11,

In Specimen 5, fiber debonding and cross-ply cracks in the transverse plies
developed into delaminations at the interfaces between the transverse and longitudinal
plies (Figure 7). In plies close to the compression surface of the specimen, fiber
debonding in the longitudinal ply developed into a delamination at the interface. No
cracks were observed in the outermost fibers adjacent to the tension surface. The
side surface of Specimen 9 revealed multiple cracks in plies close to the compression |

surface, Figure 8. In the longitudinal plies underneath the microbuckled fibers of

the compressive surface, delaminations resulted in debonding in the transverse plies
10-6




and developed into more delaminations. In the transverse plies adjacent to the
compressive surface, cross-ply cracks also developed into many delaminations at the
interfaces. In the outermost plies close to the tension surface of the specimen,

no cracks were detected, The side surface of Specimen 15 revealed multiple cracks
in the vicinities of the microbuckled fibers and in areas close to the tension side
of the specimen (Figure 9). Fibers in the longitudinal ply underneath the compressive
surface were buckled and resulted in debonding in the adjacent transverse plies;
delamination and cross-ply crack consequently were developed., In areas close to the
tension side, a delamination in the fiber/matrix interface resulted in a cross-ply
crack and the formation of more delaminations. The side surface of Specimen 22
revealed few cracks at the center of the specimen below the compressive surface,
Figure 10, Fiber microbuckling in the compressive surface extended into the long
and transverse plies; fiber debonding and cross-ply cracks were developed in the
adjacent b1ies. The side surface of Specimen 30 is presented in Figure 11 and
exhibited similar topographic features as that of Specimen 22, Fiber microbuckling
in the compressive surface developed into debonding and cross-ply cracks. In the
outermost fibers close to the tension sides of Sepcimen 22 and 30, no delaminations
or cracks were observed,

SEM photomicrographs taken of two specimens from interlaminar shear tests are
presénted in Figure 12. The side surfaces of Specimen 15 revealed a large delamination
in the midplane extending from the end of the specimen to the center. Multiple small
cracks were exhibited in plies close to the center position of the specimen. The
side surface of Specimen 30 showed a large delamination in the midplane and many
parallel delaminations in the areas between the midplane and the compressive surface,
These delaminations extended from the end of the specimen to the center and were
confined at the interfaces between the longitudinal and transverse plijes. Fiber
debonding and cross-ply cracks were revealed in the transverse plies in areas between

the midplane and the tension side of the specimen.
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When the SEM examination of the outside surfaces of the specimens were
completed, the defects at locations close to the compression and tension surfaces
of the flexure test specimens were exposed and the resulting fracture surfaces
were coated with a gold film. The prepared specimens were examined using a SEM.

SEM studies were carried out to define the microstructure details and the dominant
mechanism during testing of the specimens. The topographic features of Specimens 5,

9, 15, 22 and 30 were similarj parts a through g in Figure 13 show the representative
photomicrographs of the specimens. In the outer fiber region at the compression

side of a specimen (part a), fib2rs in the longitudinal plies were deformed and
fractured; debris of matrix fracture was present adjacent to fibers. In the transverse
plies (part b), shear failure took place; the surface appearances ot the fractured
matrix and fibers were flat and brittle.

Ridges on the surfaces of the fractured fibers pointed to the same direction
as the compression loading direction (part c). Cracks in fibers and in the fiber-to-
matrix interfaces were evident. Fiber pull-out and fiber debonding were exhibited
(part d). In the outer fiber region at the tension side of the specimen, (part e), fib
detachment and fractures of fibers and matrix were observed in the longitudinal ply
region. Fiber pull-out and fiber debonding were present in the transverse ply region;
cracks in the fibers were also observed (part f). The appearance of fracture surtace
in this region was brittle. Ridges on the surfaces of the fractured fibers were
subtie and the ridge directions could not be associated with the Toading direction
(part g).

The midplane delaminations in Specimens 15 and 30 were exposed and the resulting
fracture surfaces were coated with a gold film and were examined in a SEM, The
topographic features of the specimens were similar; Figure 14 shows the representative
photomicrographs of the specimens. Voids and microcracks were observed in the resin
rich areas of the exposed delamination region. The delamination failure was
observed to be a matrix failure and most of the fibers were still mechanically

interlocked, Matrix debris and fiber imprints were observed. Hackles, characteristic
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feature of epoxy matrix fracture, were not observed in the fracture of PBI matrix.
The smooth feature of the fiber surfaces indicated wetting between the matrix and

fiber surfaces were insufficient and adherence of matrix to fibers was poor.
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DISCUSSION

When a beam of homogeneous elastic material is tested in flexure as a
simple beam supported at two points and loaded at the midpoint, the maximum
stress in the outer fibers occurs at the midspan. Strains in its fibers vary
linearly as their respective distances from the neutral surface. Normal
stresses resulting from bending also vary linearly as their respective distances
from the neutral axis. The stress is (y/c) (Omax)’ where y is the distance
and ¢ is measured from the neutral axis to the most remote fiber of the beam.
The normal stresses resulting from three-point bending are maximum at the
outermost center plies. Therefore, cracks in the flexure test specimens
should be located at the outermost ply location in the center of the specimen.
The SEM examination of the side surfaces of the specimens found the crack
locations were in agreement with the predication.

Cracks of microbuckling initiate in the compressive surface, propagate
into plies underneath and result in cross-ply cracks and delaminations. The
stresses decrease linearly toward the midplane and diminish to zero at the
neutral axis of the specimen and no cracks are present in the center areas.

The stresses increase linearly from the neutral axis toward the tension surface
of the specimen and reach another maximum on the surface. Large wide cracks
appear in the vicinities of the outermost plies.

From the theory of shearing-stress distribution in a beam of solid rectangular
cross-section transmitting a vertical shear V, the horizontal shearing stress
varies parabolically and is V/ZI[(h/2)2 - yz], where h is the thickness of the beam.
The maximum shearing stress occurs at the neutral axis where y is zero.

In the short beam shear test specimens, the interlaminar shear stresses
vary parabolicaliy and reach a maximum value at the center neutral axis of
the specimen. At increasing distances from the neutral axis, the stresses
gradually diminish and cease to exist at both the compressive and tension
surfaces. The SEM examination of the specimens found the largest delaminations
initiated at the midplanes of the specimens and were in general agreement
with the predication. Since the material system is not homogeneous elastic,
the behavior of the specimens under loading deviates somewhat from the predication
and multiple cracks take place at the locations away from the midplanes of
the specimens.
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CONCLUSIONS

The post failure analyses of the woven glass/PBI specimens from the
flexure and short beam shear tests find that the failure locations are in
general agreement with the theoretical predictions. The SEM examinations
reveal flat and brittle appearances in the fracture surfaces of the composites.
In the material systems, fiber pull-out and interface debonding are common
features and no hackles are observed in the fracture surfaces. Most fibers
are still mechanically interlocked which is not unusual for high fiber content
glass/PBI composites. There is considerable room for improvement in crack
exposure techniques without disturbing the microstructure of the composites.
This paper should be considered as a preliminary study or point of departure
for subsequent study of post failure analysis for high temperature composites.
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Table 1 - Flexure gnd Interlaminar Shear Stresses

PANEL tlexural Stress (KSI) Shear Stress (KSI)
Mean Low High Mean Low High

1 17.46 14,14 20.27 1.91 1.32 2.48
2 89.20 86.35 91.70 8.51 7.99 9.31
3 60.03 31,29 | 66.62 5.25 2.78 5.43
4 76.57 72.86 83.14 5.84 5.21 6.32
5 64.25 37.48 | 127.60 4,11 2.89 16.13
6 26.97 20.74 32.11° 1.36 1.19 1.56
7 65.86 57.04 | 114.40 5.23 4,95 12.95
8 81.98 76.69 86.71 7.62 6.35 7.93
9 32.90 30.53| 34.61 2.89 2.37 3.34
10 84.23 70.00 89.57 7.42 6.80 8.06
11 80.01 74.92 | 86.80 7.21 5.94 9.40
12 55.46 82.70 87.08 3.39 2.14 6.98
13 98.35 86.47 | 100.97 5.20 3.69 8.89
14 39.22 35.75 42.09 6.20 2.29 7.77
15 53.48 49,50 59.00 8.69 7.63 9.98
16 32.15 27.92 36.35 2.07 1.90 3.63
17 33.95 29.04 38.21 2.32 2.29 2.76
18 51.73 49,29 56.22 3.46 3.18 4.67
19 40.44 30.68 54.25 2.34 2.17 2.60
20 35.02 | 29.12| 41.00 | 1.43 0.87 2.59
21 99.20 94.05 [ 104.43 8.27 7.70 9.99
22 91.32 84.48 98.55 6.41 5.91 8.77
23 33.23 32.56 | 36.67 2.56 2.32 2.71
24 48.19 43.68 66.00 4,35 2.43 4,92
25 33.20 25.26 39.08 2.64 2.57 2.69
26 48.62 44,00 51.53 3.25 1.94 5.68
27 87.30 75.71 92.96 7.26 6.99 9.51
28 95.14 87.91 | 112.75 8.36 7.61 9.17
29 41.47 33.85 | 57.97 3.68 3.12 4.68
30 80.23 73.33 86.60 6.34 5.43 7.73
31 69.47 55.36 80.90 6.03 3.61 7.92
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FIGURE 5.

SEM PHOTOMICROGRAPHS SHOWING THE COMPRESSIVE
SURFACE OF SPECIMEN 22
C,FLEX = 98,55 KSI
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FIGURE 8. SEM PHOTOMICROGRAPHS SHOWING THE SIDE SURFACE OF SPECIMEN

OFLEX = 34,61 KSI
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